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Corsteliation-SX

F A C T

M 1 S S 1 O N
S H E E T

Constellation-X will use X-ray Spectroscopy to revolutionize our
knowledge of the universe. It will probe closer to black hole event
horizons with 100 times better sensitivity than ever before.

Constellation-X's four science objectives are tightly
connected to NASA SEU themes:

I. Measure the effects of strong gravity near the event
horizon of supermassive black holes.
What is the nature of space and time?
What powers supermassive black holes?

Il. Trace visible matter throughout the universe and
constrain the nature of dark matter and dark energy.
What is the universe made of?

How does the universe evolve?

lll. Study the formation of supermassive black holes and
trace their evolution with cosmic time.
What roles do they play in galaxy evolution?
What is the total energy output of the universe?

IV. Study the life cycles of matter and energy and
understand the behavior of matter in extreme

environments.

What new forms of matter will be discovered?

How does the chemical composition of the universe
evolve?

Well-defined science objectives
provide well-defined
measurement requirements.

Management: A straightforward approach with few
interfaces and highly experienced teams:

= Mission managed by NASA/GSFC
< SAOQ part of management team
= Prime contractor for observatory

Mission Overview:

2010 and 2011

Atlas V (two)

4 observatories point at
target (no formation flying)
4 years for fully operational
constellation & 10 year goal
Orbit: L2 Lissajous

NASA mission cost:  $1,597B (RY)

Launch dates:
Launch vehicles:
Constellation:

Mission lifetime:

Exploded view of a Constellation-X observatory

= Robust, modular mission design
< Performance verifiable on the ground

= Meets mission requirements traceable
to the science objectives

Spacecraft Bus

Spacecraft Bus High Gain

Telescope Module
Component Compartments Antenna

1.6 m dia. Spectroscopy X-ray
Telescope (SXT) Flight Mirror

Assembly (FMA) and Reflection
4 Crating Assembly (RGA)

Instrument

Solar Panel Electronics
Hard X-ray

Telescope (HXT)
Mirrors (3)

Hard X-ray
Telescope (HXT) RGS
Detectors (3)  Focalplane
Camera X-ray
(RFC)  Microcalorimeter

Spectrometer

Optical Bench (enclosure
removed for clarity)

(XMS)

Constellation-X provides:

High observing efficiency (90%)
Large sample sizes of key astrophysical objects
Broad-band X-ray imaging spectroscopy (0.25 - 40 keV)
General observer facility with programs selected by peer review to carry out world-class science
Dramatic improvements in spectroscopic sensitivity, about a factor of 100 over previous missions



Observatory Characteristics:

Number: 4 identical observatories
Wet mass (each): ~2480 kg

Power (each): ~1075 W

Data storage: 42 Ghit

Source location:
Attitude control:

5 arcsec, post facto

3-axis stabilized

~30 arcsec control

X/S-band downlink

(1.7 Mbps/2 kbps)

S-band uplink (2 kbps)
Mechanisms: Few; low precision focusing
No new spacecraft technologies are required
Modular design minimizes interfaces and simplifies
I&T flow

Communication:

Key Heritage Elements:

= Technologies evolve from existing hardware.

= QOur teams bring significant flight experience.

= Chandra provides heritage for systems
engineering, key mechanisms, I1&T, and the
Science and Operations Center.

Technology  |Current |Date for

Area TRL | TRL6 nETIEER
Mirrors (SXT, 3/4 FY06 |ASCA, Astro-E2, InFocps
HXT) Chandra, XMM-Newton
XMS 4 FYO5 |Astro-E2
Microcalorimeter
HXT detector 4/6 FY05 |HEFT, InFocpus

Resource margins are based
on a mature mission concept

Mass Margin: 34%

Power Margin: 34%

Schedule Contingency: 5 months (10%)
(plus slack)

Cost Reserves:
(observatory development)

$191M (22%)

Observatory 1
Observatory 2

5
-“ Two observatories are packaged
e =atitee inside an Atlas V fairing

WMAA/

Science Payload: Instruments are extensions of
recent, flight-proven hardware, minimizing
technology development risks while meeting
requirements with adequate performance margins.

SXT FMA: Primary optic feed for XMS and RGS
=15,000 cm2 at 1.25 keV

RGS: Dispersive spectrometer from 0.25 - 2 keV
Resolving power R =300 at 0.6 keV

XMS: Imaging spectrometer from 0.6 - 10 keV
Resolving power R = 1500 at 6.0 keV

HXT: Imaging spectrometer from 6 - 40 keV
Resolving power R =10 at 40 keV

Why Constellation-X Now?

= Guaranteed, compelling science returns
= Breakthrough discoveries require comprehensive
spectroscopic studies

RGS CCDs 3 FY05 |ASCA, Chandra = Addresses priorities of the NASA SEU program
RGS gratings 3 FY06 | XMM-Newton = Technology development has demonstrated
XMS Cryocooler| 4 FY06 |HST TES. AIRS readiness to proceed; team is in place
XMS ADR 4 FY06 |Astro-E2
Constellation-X Schedule
1998 2000 2002 2004 2006

2008 2010 2012 2014 2016

Formulation $235M

Pre-Formulation &
Technology Development $54M

Implementation
$1,066M 5

i

ch

MO&DA EP/O $241M

Laurch,

RY DOLLARS
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Constellation-X

1.0 SCIENCE REQUIREMENTS AND MISSION
SCIENCE PERFORMANCE

1.1 TRIP Executive Summary

The Constellation-X mission will revolution-
ize our understanding of the cosmos. Scientists
around the world will use its factor of 100
increase in throughput over previous missions
to study the warping of space and time by
strong gravity near black holes; determine the
distribution of the ordinary matter, dark matter,
and dark energy that constitute our universe;
and probe the detailed physical processes
occurring at temperatures, densities, and pres-
sures far beyond those achievable in Earth-
bound laboratories.

Constellation-X Starts “Beyond Einstein”
Initiative With a Bang

» Science success guaranteed
* Experienced team with world leaders in field

* Broad technology base plus focused technol-
ogy efforts provide path to flight program

* Modular approach minimizes risk and cost

Constellation-X builds on three decades of
X-ray satellites, including the currently operat-
ing Chandra X-ray Observatory (NASA) and
XMM-Newton mission (ESA), and builds on
proven technology. Grazing incidence mirrors
with higher angular resolution than Constella-
tion-X have already been built and flown on
Chandra, and replication techniques relevant
for Constellation-X’s large area mirrors have
been used to build optics for XMM-Newton
and for Japan's Astro-E and Astro-E2 missions.
X-ray microcalorimeters have been developed
for Astro-E/E2, while reflection gratings are
flying on XMM-Newton and X-ray Charge
Coupled Devices (CCDs) on Chandra and
XMM-Newton. Hard X-ray telescopes with
multilayers and cadmium-zinc-telluride detec-
tors have successfully flown on balloons. Our
Constellation-X team members have played
key roles in all of these missions. Using this
experience, our team has undertaken a compre-
hensive technology program structured to
reach Technology Readiness Level (TRL) 6 in
all areas before the mission Non-Advocate
Review (NAR) scheduled for August 2006. For
the Spectroscopy X-ray Telescope (SXT) mir-
ror, whose fabrication represents the project's
“tall pole,” X-ray tests of an engineering unit
are scheduled for early FY 2004.

The technology requirements flow from the
mission science objectives, as articulated by
the Facility Science Team (FST) composed of
approximately 50 scientists from more than 30
different institutions representing essentially
all of the groups presently active in the field.
The objectives have been vetted and strongly
supported in two different major reviews by
the National Academy of Sciences (NAS) in
2001 and 2002. The Constellation-X science,
management, and engineering teams, led by
Goddard Space Flight Center (GSFC) and the
Smithsonian Astrophysical Observatory (SAO)
and supported by the leads of the Integrated
Product Teams (IPTs), have mapped the sci-
ence objectives to the technology requirements
for the mission. The steps needed to achieve
TRL 6 and manufacturing readiness for each of
the key technologies have been cast into a tech-
nology roadmap used to establish schedules
and budgets. This approach provides the flow-
down, or trace, from the objectives to the
requirements and allows the team to identify
and carry out system analyses and trades to
optimize resource utilization for the technology
efforts and more importantly for the implemen-
tation phase.

To illustrate the maturity of the architecture
and design based on system analyses and engi-
neering already accomplished, we note design
decisions from three significant trades. We
have baselined four observatories launched in
pairs in 2010 and 2011 to build up the required
collecting area and reduce impacts of single
failures, while keeping costs at an acceptable
level. We have chosen segmented mirrors
rather than full shells for the SXT, driven pri-
marily by costs and availability of large man-
drels for replicating reflectors. We will fly
mechanical cryocoolers for the X-ray Micro-
calorimeter Spectrometer (XMS), along with a
multiple-stage Continuous Adiabatic Demag-
netization Refrigerator (CADR) to achieve the
required operating temperature. This approach
provides substantially longer life for the instru-
ment at much lower weight than expendable
cryogens and draws from joint technology
efforts of other Office of Space Science (OSS)
projects, including the James Webb Space
Telescope (JWST) and Terrestrial Planet
Finder.

The trace from science objectives to require-
ments provides clear insight into the impact of
scope changes. The technology program provides
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the path from the large base of demonstrated and
flight-proven hardware to the needs of the Con-
stellation-X mission. The breadth of experience
and the technology roadmap provide an excellent
understanding of the program and a basis for
sound cost estimates. During the technology
phase, we also allow for potential breakthroughs
that might provide substantial increases in perfor-
mance and/or reduce risks and costs. In some
cases, we allocate modest amounts of our limited
technology budget to evaluate promising possi-
bilities (e.g., increased grating spectral resolu-
tion). For others, we are tracking efforts by team
members (Italian and German colleagues on
optics) or leveraging industry investments to
evaluate options (higher SXT mirror angular res-
olution). The potential performance gain from
well-identified goals is illustrated by the Chandra
mirrors, where a few extra hours of final smooth-
ing per surface led to a high frequency surface
finish of 0.3 nm RMS (goal) as compared to the
requirement of 0.7 nm, at essentially no increase
in project cost and with substantial reduction in
mirror scatter at higher energies.

Multi-Observatory Mission Approach
Reduces Cost and Risk

* Four observatories with common design,
manufacturing, assembly, and testing

* Manageable mirror dimensions

* Proven spacecraft subsystems and launch
vehicles

* Mission success even with loss of one obser-
vatory via longer exposures

Constellation-X does not require formation
flying or interferometry. All satellites are sim-
ply commanded to view the same target, and
the data are added together on the ground.
Constellation-X baselines a joint operations
and science center co-located with the Chan-
dra X-ray Center (CXC) to maximize synergy
with the experienced Chandra team and draw
upon the extensive and directly relevant soft-
ware and procedures already in use.

The management approach to Constellation-X
is simple. There is a single manager at GSFC
who will draw upon the experienced team of
GSFC and SAO engineers and scientists as well
as the Instrument Principal Investigators
selected via a competitive Announcement of
Opportunity (AO). The approach is based on the
very effective Chandra model. With at most
modest contributions from potential interna-
tional partners and a single prime contractor for

the observatories, interfaces will be relatively
simple, responsibilities well-defined, and sched-
ules and budgets easily tracked and managed,
leading to less risk and easier decision making.

The science gains with Constellation-X will
be enormous. Over the past several years, we
have identified the required technology and
established the roadmap needed to demonstrate
feasibility and readiness for mission implemen-
tation. Substantial progress has already been
made, and achievable plans are in place for the
remainder of the formulation and implementa-
tion phases. The mission concept is elegant and
resilient; the management approach is simple
and strong; the technology will be in hand
soon. We are ready to proceed.

1.1.1 Foldout Walkthrough

This report includes four foldouts that pro-
vide a framework for the text. Foldout 1 is a
traceability matrix that traces each science
objective to its corresponding science plan,
measurement parameters, performance require-
ments, and then to the subsystem requirements.
Foldout 2 centers on mission elements: the
spacecraft and location of key instrument sys-
tems; the reference spacecraft block diagram;
launch and orbit; and the ground segment
approach. Foldout 3 focuses on mission optics,
while Foldout 4 illustrates mission sensors.

1.2 Science and Mission Requirements

1.2.1 Science Objectives and Derived Science
Requirements

The four top-level science objectives of Con-
stellation-X pursue the objectives of NASA’s
Structure and Evolution of the Universe (SEU)
roadmap and extend recent discoveries of
Chandra and XMM-Newton. These objectives
have been strongly endorsed by the commu-
nity-at-large as discussed in the 2001 NAS
Astronomy and Survey Committee report!!l.
Constellation-X also directly addresses several
key questions and long-term goals outlined in
two recent NAS physics reports!2/[3] The
top-level science objectives are presented here,
followed by a summary of a subset of the key
requirements that flow to the measurement
capabilities (summarized in Foldout 1). These
requirements (the full set of which can be found
in the Top-Level Requirements Document!4l;
[TLRD]) are the baseline requirements, and
have been approved by the FST. The associated
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minimum requirements and goals are discussed
in Sections 1.2.3 and 1.2.4, and summarized in
Table 1-1. In many cases, a mission science
requirement may be derived from several sci-
ence objectives. All science requirements have
been refined based on input from leading mem-
bers of the scientific community, detailing the
specific targets and studies that are needed to
meet the top-level objectives, via an Observa-
tion Design Reference Mission!®) (ODRM). The
ODRM will continue to evolve and be used to
refine the requirements. The TLRD has
remained stable for the last two years, with only
minor modifications.

The specific requirements that flow from
each of the following science objectives are
described in the Flowdown Requirements Doc-
umentl®l and are given in Foldout 1. While
most have been developed to achieve individ-
ual science objectives, mission life and data
volume result from considering the ensemble
of objectives. Observing a statistically-signifi-
cant number of sources places a joint require-
ment on effective area and mission duration.

Objective 1: Measure the effects of strong gravity
near the event horizon of supermassive black
holes.

X-ray spectroscopy—and in particular the
detailed variability of the iron K fluorescence
emission line near 6 keV—is a powerful probe
of the dynamics and space-time geometry
within a few gravitational radii of accreting,
supermassive black holes in active galactic
nuclei (AGN)!"!, Iron K is produced when
X-rays illuminate the accreting material that is
the fuel for such black holes. CCD-resolution
spectra show that the Fe K line carries the
imprint of strong general relativity (GR), but
they provide inadequate knowledge of the line
origin. Constellation-X will probe the effects
of strong GR on this, the only spectral feature
that is known to originate from close to the
black hole. Conceivably, one might observe
variability that cannot be understood within the
context of GR, requiring possible modifica-
tions to Einstein's theory or suggesting the
presence of extra fields near the event horizon
that alter particle and/or photon dynamics.
Very recent Chandra results have shown unan-
ticipated structure in the Fe K region requiring
high spectral resolution to interpret. It is only
through spectroscopy that one can hope to
unfold the relationship between GR and the

detailed physics of black holes (such as mass
and spinl®l) and their environment.

Studying the effects of GR in extreme envi-
ronments requires accumulating high sig-
nal-to-noise, high-resolution spectra on the
dynamical timescales of the innermost stable
orbit of the accretion disk (typically of order
1000 seconds for a 108 solar mass biack hole).
To adequately use such spectra also requires
determining the full underlying continuum
shape, which allows the properties of relativisti-
cally broadened emission lines to be measured
with high accuracy (Foldout 1-A). These needs
require a resolving power of 1,500 near 6 keV
and instantaneous collecting areas of 6,000 cm
and 1,500 cm? at 6 and 40 keV, respectively.

Objective 2: Trace visible matter throughout the
universe and constrain the nature of dark matter
and dark energy.

Recent results indicate that most of the
energy density of the universe exists in the
form of dark matter and dark energyl®!. These
findings are a major challenge to physics since
there is no unique candidate for dark matter and
no present physical theory accounts for dark
energy. Clusters of galaxies (the largest known
gravitationally organized systems) are impor-
tant probes of dark matter and dark energy, as
well as the structure, evolution and mass con-
tent of the universe. In addition, X-ray observa-
tions of clusters allow us to constrain
cosmological parameters such as the rate of
expansion of the universe, the fraction of mass
in visible (baryonic) matter, and the amplitude
of primordial density fluctuations in the uni-
versel!%l. Constellation-X will measure the ratio
of baryons in clusters to their total mass and
will determine with high precision the distribu-
tion of dark matter out to z~2 (where these
objects are about 1 arcminute in diameter and
have relatively high surface brightness). At
higher redshifts, integral spectra of clusters and
galaxy groups will provide bounds on the dark
matter and baryonic distribution.

In the local universe, the observed baryons
fall far short of those predicted by standard big
bang nucleosynthesis!"™. Numerical simula-
tions predict that most of these “missing” bary-
ons are in a hot intergalactic medium (IGM)[12,
This IGM is detectable through faint X-ray
absorption lines imprinted by highly ionized
metals on the spectrum of background quasars
(Foldout 1-B). To detect these features requires
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a resolving power of at least 300 at and below
0.6 keV.

To test fundamental models of the evolution
of cosmic structure requires knowing how
many objects are forming, where they are
forming, and how they are distributed. By mea-
suring the change in the number density of
clusters with specific masses as a function of
redshift, Constellation-X will trace the entire
history of large-scale hierarchical cluster for-
mation. Meeting this objective requires a large
collecting area near 1 keV and determination of
cluster temperatures (thereby deriving masses)
and abundances with the necessary 10% accu-
racy to distinguish between competing cosmo-
logical theories!™!.

Objective 3: Study the formation of supermassive
black holes and trace their evolution with cosmic
time.

The faint sources that make up the X-ray
background were discovered by Chandra and
XMMI[4], Many of these may be highly
obscured AGNs, which are a significant con-
tributor to the accretion luminosity of the uni-
verse. Constellation-X will investigate the
evolution of black holes by determining spin,
mass and accretion rate over a wide range of
luminosity and redshift (Foldout 1-C).

To resolve a significant fraction of the X-ray
background where it peaks in energy density
requires avoidinsg source confusion at flux lim-
its of ~1 x 107! erg/cmz/s below 10 keV and
~1 x 10714 erg/cmz/s above 10 keV. This
requires an angular resolution of ~15 arcsec
(1to 10 keV) and ~1 arcmin (10 to 40 keV).

Objective 4: Study the life cycles of matter and
energy and understand the behavior of matter in
extreme environments.

Spectroscopic observations of stellar coro-
nae, supernova remnants, and the interstellar
medium provide information on chemical
enrichment processes and will provide plasma
temperatures, pressures, densities, and veloci-
ties over a wide range of astrophysical settings,
allowing a tracing of the all-important life cycle
of elements in the universe. Detailed X-ray line
spectra are rich in plasma diagnostics from the
abundant metals (C through Zn) that provide
unambiguous constraints on physical conditions
in astrophysical sources (Foldout 1-D).

Millisecond oscillations in X-ray bursts have
been identified as due to inhomogeneous
nuclear burning on the surfaces of rapidly

rotating neutron stars!!l. Spectroscopy of the
burst emission will constrain the neutron mass/
radius relation, and lead to important con-
straints on the equation of state of high-density
nuclear matter found in neutron stars. Finally,
microquasars are known to possess relativisti-
cally broadened iron lines and, similar to
supermassive black holes in AGN, Constella-
tion-X will be able to study iron line variability
and measure mass and spin of stellar-mass
black holes.

Obtaining the plasma diagnostics from the
abundant metals (C through Zn) places a
requirement on the bandpass and spectral
resolving power at low energies. Phase-
resolved spectroscopy of neutron stars and stud-
ies of quasi-periodic oscillations (QPOs) place
a requirement on the absolute timing capability.

1.2.2 Investigations

The investigations to be performed to meet
the scientific objectives outlined in
Section 1.2.1 have been selected from careful
studies by members of the Constellation-X
FST and Science Panels in response to an inter-
nal call for proposals to help define an ODRM.
During the mission operations phase of the
mission, the project expects to receive propos-
als representative of all of these investigations,
as well as for many other guest investigations
that are not yet represented in the ODRM.

Within the four main science objectives,
there are at least 14 distinct classes of objects
to be studied (Foldout 1).

Achieving the science objectives requires
investigation of statistically significant samples
of these astrophysical sources—unlike Chandra
and XMM-Newton which are restricted to the
brightest (and hence not necessarily representa-
tive) members of each class. Typical exposure
times are expected to run up to 100 ksec. For
certain classes and sources, monitoring obser-
vations will be required. As an example of the
types of observations required to achieve the
science objectives, one case is described in
detail below. The remaining cases are summa-
rized in Foldout 1.

Detailed studies of the gravitational effects
near supermassive black holes will require
monitoring observations of the Fe K line vari-
ability in about 25 of the brightest AGN. Typi-
cal observations will last about 30 ksec
(allowing tracking of the line variability on spa-
tial scales ~25 times larger than the innermost
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Traceability Matrix:

Performance Requirements

e .7 Science P> Measurement Parameters > —)
Specific objectives have a Objectives Table 1-1
clear trace to implementation Science Category of | No. Unique| Pointings/ | Representative |TYP- Texp| Total Time | Primary Data | o . Effective Rségg‘f\t/riﬁl Imaging oth Representative Data
Topics Targets Targets | Source | DataQuality | (ksec) (ksec) Type Returned P Area Power Rg ther Volume (bits)
Simulated spectra of two iron K fluorescence line profiles in 1,000 s 1. Measure the Study general Bright active 30 10 S/N of 50 to 100 30 9,000 Spectra, timing | 0.5 to 40 keV 6,000 cm?2 1,500 at 6.0 keV 6.6 x 108
intervals after a flare erupts above an accretion disk (color image). effects of relativity effects in galactic nuclei in narrow and instantaneous [bright AGN]
The profiles change as the flare's echo (dark band) propagates toward . the presence of (AGN) broad features at 6.0 keV example:
the black hole. strong gravity extreme gravity near 6 keV RGS: 2.9 x 107
near the event XMS: 6.1 x 108
| m | } horizon of Constrain 10 HXT: 1.5 x 107
; continuum >
" Supermassive keV 10 at 40 keV Angular
black holes resolution of 1
arcmin above
50 2* Velocity resolution | 50 5,000 Spectra 0.5t0 40 keV 1,500 cm2 10 keV 3.4x108
Black hole AGN <100 km/s instantaneous [other AGN]
properties at 40 keV
Spatially separate
sources
A) X-rays from clusters will B) Missing baryons in the local II. Trace visible Masses, Galaxy clusters 120 1 Measure 40 4,800 Spectra, images | 0.25to 40keV | 3,000 cm2 at 300at0.6 keV | Angular 8.0 x 107
constrain models of the universe are detectable via X-ray matter abundances, dark abundance and 0.6 keV resolution of [nearby cluster]
formation of large-scale absorption lines in the spectrum throughout the | ™etes dark energy, temp. with 10% 15 arcsec at
structure in the universe. of background quasars. el cosmology accuracy 1kev
universe and 1,500 at 6.0 keV 5.6 x 106
constrain the . [cluster, 2=0.2]
nature of dark [ Cluster formation Galaxy clusters 60 1 Velocity resolution | 100 6,000 Spectra, images | 0.25t040keV | 15000 cm2 at
models, shocked <100 km/s 1.25 keV
matter and gas FOV of 2.5
dark energy Detect Inverse- 10 at 40 keV arcmin at 1 keV 3.0 x 106
! Compton hard X- . 1,500 cm2 at [cluster, z=1]
[ Masses, Elliptical 100 1 rays 40 4,000 Spectra, images | 0.25t0 10keV | 40 kev
f abundances, dark galaxies and
[ matter galaxy groups Radial temperature
S em profiles
[ FOV of 8 arc-
. P Find low redshift Low-Z QSOs 20 1 Detect OVII and 500 10,000 Spectra 0.25t0 1 keV min at 40 keV
baryons in the IGM OVIIl absorption
near 0.6 keV
A) Constellation-X will obtain B) By measuring the low-energy 111. Study the Properties of Faint X-ray 100 1 Avoid source 50 5,000 Spectra, images | 1.0 to 40 keV 15,000 cmz2 at 1,500 at 6.0 keV | Angular TOOs: ~1/month | 2.4 x 103
high quality spectra of recently (scattered) emission and the formation of Chandra/XMM sources 100 1 confusion at 100 10,000 1.25 keV resolution of [faint AGN]
discovered sources that make underlying continuum, their total X deep-field sources fluxes of ~1 X 15 arcsec at
up the X-ray background. energy output can be determined. SUPErMassIVe | and the X-ray 10-15 era/em/s 300at0.6 keV | 6keV 1.1x 106
black holes background bel lgk V and [AGN]
109 and trace € OW_lg evan Celestial
! their evolution [ Black hole AGN 100 ~1x10 50 500 Spectra 0.25t040keV | 6,000 cm2 at coordinate
- - - evolution 1 erg/cm?/s above 6.0 keV 10 at 40 keV accuracy of
g " with cosmic 10 keV 5 arcsec
s time
s . . Probe absorbing o
2 Interstellar medium, | Spiral and 60 1 columns of up to 40 2,400 Spectra, timing, | 0.25t0 40 keV | 1,500 cm2 at 20x108
e dark matter, starburst 1025 cm-2 Images 40 keV Angular [galaxy]
E starburst-AGN galaxies resolution of
10 e connection 1 arcmin above
Energy (keV) 10 keV
Spectroscopic observations of stellar coronae, supernova remnants, IV. Study the lif Composition of ISM, | SNR (maps 30 10%* Spatially resolve 30 9.000 Images, spectra | 0.25 to 10 kev 15.000 cm2 at 1,500 at 6.0 keV | Angular TOOs: ~1/month g
and the interstellar medium will allow a tracing of the all important o SlLERy A WitE | P hesis. life | require man SNR ejecta ' ' ' 1.95 keV ' ' resolution of 15 ' 7.4x10
life cycle of elements in the universe. cycles of nucleosynthesis, life qut y 4O KE [bright SNR]
cycle of matter pointings) . . arcsec at 1 keV
matter and Velocity resolution 300 at 0.6 keV.
: energy and Mass function XRBs 75 1 <100 km/s 50 3,750 Timing, spectra | 0.5 to 10 keV 15,000 cm2 1.2 x 107 [BHC]
g M understand — instantaneous Timing
s J / i !I the behavior Dynamics BHCs 50 1 S/N ~ 50 per 40 2,000 Spectra, timing | 0.5t0 40keV | at 1.25 keV. 10 at 40 keV accuracy: 100 3.0 x 107 [star]
S h"lWJ” f tter i resolution ele- — microseconds
or matter in Equation of state Neutron stars 75 1 T meE AL Y 80 6,000 Timing, spectra | 0.25t0 10keV | 1,500 cm2 at
8 extreme : = 40 keV 1.2 x 1010 [XRB]
environments | Coronal heating, Stars 180 1-10%* Resolve Lithium 50 9,000 Spectra, timing, | 0.25 to 7 keV FOV of 2.5
et winds, convection like and He-lik : Images 1,000 cm2 at arcmin at 1 keV
zones, star formation L9 EME] [RIHLLE 0.25 keV
. ‘ lines - 10,000 counts
0s 1 2 5 Planets, comets Solar system 10 40 400 Spectra, images | 0.25 to 2 keV/ per second per | 2 4 x 106 [comet]
Energy (keV) objects Phase resolved observatory
spectroscopy
*  Multiple pointings for monitoring observations. k 1-6,1-8, 1-9 4 1-6 1- 1-6, 1-8, 1-9 1-3,1-6,1-8, |1-8,1-11,2-1 -1 2-
** Multiple pointings for mappings. 80,850 ksec Subsystem %_3 1-6,18, 1-9, 2-1. 2-2 ge%:'t.zz.i.l.z, and
(3 years) Requirements Sect. 2.4.3

Red numbers indicate driving requirements.

Tables (representative)
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stable orbit of the accretion disk), but many
objects will be monitored on longer time scales,
requiring repeat observations for an estimated
total of about 9,000 ksec. Studying black hole
evolution and general properties over a range of
luminosities requires longer, single observa-
tions of approximately 150 fainter AGN of 50
ksec each for 7,500 ksec. In total, studies of
supermassive black holes will require about
17,000 ksec.

1.2.3 Measurement Capabilities

The mission science objectives are fully sup-
ported by the baseline requirements summa-
rized in Table 1-1. The baseline performance
requirements can be traced in detail to the sci-
ence objectives via Foldout 1. Additional mis-

Table 1-1: Key Measurement Capabilities

sion requirements can be found in the TLRD.
The performance margins are determined by
comparison of the Reference Mission Perfor-
mance with the baseline requirements. Note
that some requirements are set at levels that
already have been achieved on other X-ray
missions (e.g., the angular resolution is met by
XMM-Newton and exceeded by Chandra).

A preliminary set of minimum requirements
has been assigned to the key measurement
items to ensure a robust mission (Table 1-1). It
has been noted that there is typically graceful
degradation in science return as one
approaches the minima (i.e., if there is a
smaller field of view (FOV) more pointings
can be utilized —though at the cost of fewer
observations for a given mission lifetime).

Measuroment Parameter | MU, | Baselne | Migsion | Reference MIS | Margi
Bandpass (keV) 0.2510 40 0.25t0 40| 0.1t0 80 0.25 10 60 kev 20 keV
Effective Area (cm?)

0.25 keV to 10 keV 1,000 cm? 1,000 cm? N/S| 1,279 @0.25 kev 28%
1.25 keV 12,000 cm?® 15,000 cm? N/S| 15,201 @1.25 kev 1%”
6.0keV 5,400 cm? 6,000 cm® N/S| 6,352 @6.0 kev 6%
10 to 40 keV 1,200 cm? 1,500 cm? N/S| 4,990 @10 kev 230%
1,542 @40 kev 3%
Spectral Resolving Power (E/AE)
0.25 to 6 keV 300 300 3000 991 @0.25 keV 230%
354 @0.7 keV** 17%
625 @1.25 keV 108%
3000 @6 keV 100%
6to 10 keV 1,200 1,500 3000
5000 @10 keV 1567%
10 to 40 keV 5 10 N/S
33 @40 keV 230%
Angular Resolution (HPD)
<10 keV 15 arcsec 15 arcsec| 5 arcsec 14.5 arcsec | 4 arcsec (R5S)
>10 keV 1.2 arcmin 1 arcmin | 20 arcsec 45 arcsec |39 arcsec(R>°)
Fields of View
<10 keV 2 arcmin 2.5arcmin| 5arcmin 2.5 arcmin N/A*
>10 keV 4 arcmin 8 arcmin [10 arcmin 8 arcmin N/A*
Bright Source Limit" 5,000 cps/beam {10,000 cps/beam N/S| 10,000 cps/beam N/A
Absolute Timing (relative to UTC) 300 psec 100 psec| 50 psec 90 psec 10 psec
* Limited by detector format, not optics performance ** Overall system minimum resolution N/S = not specified
No instrument damage occurs; at very high count rates, there is a gradual loss of spectral resolution
#1n general, optics designs and coatings are reference and are not yet optimized. Margins should improve signifi-
cantly prior to Phase B.
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1.2.4 Measurement Goals

Some parameters have goals (Table 1-1) that
would increase mission capabilities with mini-
mal increases in cost, schedule, or risk, and for
which the technology appears achievable. The
technology advances needed to achieve these
goals will be part of the trades made during
formulation, including consideration of impact
on project resources. The science to be gained
by reaching these goals is discussed below, but
there would undoubtedly be many other gains,
some that cannot yet be imagined.

High-Energy Bandpass: Extending the energy
band beyond 40 keV will provide a longer
lever arm for measuring the X-ray continuum
in active galactic nuclei and, in particular, will
better constrain the high-energy rollover in the
Compton reflection signature from accretion
disks and other Compton thick structures such
as molecular tori, thus constraining the geome-
try of the X-ray reprocessor.

Spectral Resolving Power: Improving the
spectral resolving power enables qualitative
improvements in the ability to study more
complicated plasmas, including photoioniza-
tion features, turbulent velocities, tighter limits
on gravitational smearing, and improvements
in velocity diagnostics. Increasing resolution
significantly also improves the detection capa-
bility for narrow absorption lines.

Angular Resolution: Improving the imaging
capability of the SXT mirrors to ~5 arcsec half
power diameter (HPD) allows observations of
more crowded fields, achieves lower flux lev-
els by lowering the confusion limit, and allows
mapping of supernova remnants and galaxy
clusters in greater detail.

1.2.5 Measurements and Data

X-ray astronomy instruments record a sepa-
rate signal from every photon detected, unlike
typical optical CCDs which need to integrate
the signal from a number of photons to gener-
ate a detectable signal. As a result, X-ray data
are stored event by event. This approach
retains more information and allows greater
flexibility of analysis. Every X-ray “event”
(source photon or background cosmic ray) is
characterized by a “pulse height” that encodes
the energy of the incoming photon, arrival
time, quality grade, and typically two position
coordinates. The large amount of information
for each event allows complex and sophisti-

cated analysis. For example, a user may wish
to exclude events that occurred during a period
of high background and then display the events
as a spectrum vs. time image. Retaining the
individual events also retains the Poisson
(“‘counting statistics”) nature of the data, and so
allows the statistical significance of sources or
features to be assessed more readily. The
instantaneous data rate depends (nearly) lin-
early on the X-ray source brightness.

The science data products (Levels 1 and 2)
derived from these “events” are X-ray spectra,
images, and light curves (Foldout 1).

Level 1: Instrument-dependent corrections,
such as the aspect solution, are applied. Level 1
data outputs are reversible (e.g., no photon
event rejection). These products are sent to the
observer.

Level 2: Takes Level 1 outputs and applies
standard corrections. This includes filtering the
event file on the good time intervals, cosmic
ray rejection, and position transformation to
celestial coordinates. A candidate source list
and “finished” event file are produced, as well
as a dispersed spectrum for grating data.

Level 3: Derives higher level information from
the Level 2 outputs, including more precise
source detection and characterization (fluxes,
morphology), plus cross-correlation with source
catalogs and X-ray line identification.

Data validation, analysis, and archiving are
discussed in Section 2.4.3.

1.3 Mission Science Performance and Design

1.3.1 Instrumentation

Mission science performance requirements
described in Section 1.2.1 are met using four
identical observatories that orbit the L2 libra-
tion point (Foldout 2-E). All four observato-
ries, activated by stored commands from the
ground, view the same target at the same time.
The timetagged data from the four observato-
ries are combined on the ground for each
observation to meet the top-level mission
requirements. The observatories do not inter-
act with each other or station keep with
respect to one another, and communicate only
with the ground.

System Description: On each of the four Con-
stellation-X observatories, the instrumentation
is configured into a Telescope Module (TM).
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Each TM consists of two types of telescope
systems (Foldout 2-A):

* Spectroscopy X-ray Telescope (SXT) with
bandpass from 0.25 keV to 10 keV

e Hard X-ray Telescope (HXT) with bandpass
from 6 keV to 40 keV

The SXT uses a single Flight Mirror Assembly
(FMA) shared by two instruments:

» Reflection Grating Spectrometer (RGS) with
bandpass from 0.25 to 2.0 keV

* X-ray Microcalorimeter Spectrometer (XMS)
with bandpass from 0.6 to 10 keV

The RGS and XMS combine to cover the
SXT bandpass; the SXT and HXT together
cover the mission bandpass. Overlap between
systems provides cross calibration.

The SXT mirror, RGS, XMS, and HXT con-
cept descriptions are provided in this section.
Technology development efforts relevant to
these systems are provided in Section 3. A
description of the additional TM systems that
provide the structural mounting and alignment,
thermal control, calibration support, baffling,
etc., is provided in Section 2.4.1.1.

Instrument Interfaces: The Constellation-X
mirrors and instruments are modular, with
clean and easily implemented interfaces to the
observatory. Mechanical alignment tolerances
to the TM are on the order of a millimeter in
position and arcminutes in angular orientation.
Kinematic mounts, similar to those used on
dozens of flight missions, along with a stable
structural and thermal design, assure that
mechanical alignment tolerances are main-
tained over the mission life. Thermal interfaces
between the instruments and observatory are
generally passive with heaters, radiators, and
heatpipes provided as necessary. The typical
instrument science data rates are listed in
Foldout 1.

Flowdown of Top-Level Mission Requirements:
The following paragraphs discuss effective
area, spectral resolving power, and angular res-
olution error budgets and requirements flow-
down.

As shown in Figure 1-1, the XMS, RGS, and
HXT instruments complement each other to
meet the top-level mission effective area
requirements across the mission bandpass.
These effective area estimates are based on the
full complement of mirrors and instruments
from all observatories. A budget for the mis-
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Figure 1-1: Mission Effective Area Curves

sion effective area, which allocates require-
ments to the telescope system components, is
provided in Table 1-2. The current design
includes modest margin between the predicted
area and nominal top-level mission require-
ment. Further design optimization, alternate
mirror coatings, and reduced structural block-
age will improve these margins.

As shown in Figure 1-2, the XMS and RGS
instruments complement each other to meet the
top-level spectral resolution requirements

Table 1-2: SXT Effective Area Budget

(Mission Total)
Area At Energy
0.25 | 1.25 6
keV keV keV

SXT FMA Geometric Area 59,400 | 59,400 | 59,400
SXT FMA Losses

—Reflectivity Loss -17,118 |-18,641 | -50,691
—Structural Blockage -5,919 | -5,747| -1,472
—P-H Shell Alignment -423|  -611 -174
—Aperture Alignment -211 -306 -87
—SXT Contamination - EOL -423 -408 -87
SXT FMA Effective Area 35,305 | 33,687 | 6,889
Instrument/Telescope Losses

—RGS Internal Vignetting -784 -743 -51
—XMS(Cal QE, Filter, Fill Factor)|-19,628 | -3,212 -394
—-RGS(Grat Effy, CCD QE, Filter)|-12,659 |-13,280 0
—Grating Internal Alignment -157 -149 -10
—Off-axis Operation -14 -172 -68
—Inst Contamination - EOL -784 -941 -14
Total Area - Predicted 1,280 | 15,191 | 6,352
Total Area - Requirement 1,000 | 15,000| 6,000
Margin (%) 28.0 1.3 5.9
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across the mission bandpass. The spectral
resolving power R=E/AE of the RGS increases
as energy decreases and meets or exceeds the
resolving power requirements over the lower
energy portion of the mission bandpass
(0.25-1 keV). Since the energy resolution of
the XMS is nearly constant (~2 eV), the XMS
spectral resolving power increases with energy.
The XMS is therefore the primary instrument
from 1 to 10 keV. The HXT covers the band-
pass above 10 keV.

The SXT angular resolution requirement is
15 arcsec (HPD). A preliminary angular reso-
lution error budget is shown in Table 1-3. The
SXT mirror on-orbit performance and tele-
scope level effects are combined by root sum
square (RSS) with instrument unique terms to
show predictions and margins for the RGS and
XMS SXT systems.

Number and Size of SXTs: Four SXT systems
are baselined for the Constellation-X mission.
This is a result of trade studies that considered
the number of mission SXT systems (ranging
from 1 to 12) and accounted for factors such as
mirror fabrication and testing, launch vehicle
throw mass and packaging, and number of
instruments. Fewer SXTs have the advantage
of fewer detectors but require larger diameter
mirrors with longer focal lengths, which are
more difficult to fabricate and test and require
on-orbit deployable optical benches. With four
SXTs, the mirror diameter of 1.6 m allows two
systems to be packaged within a single
5 m-diameter launch vehicle fairing (Foldout
2-D); the focal length is 10 m, which can be

accommodated by a fixed optical bench (OB)
within an Atlas V fairing. Any advantages of
more, smaller SXT mirrors are offset by the
need for additional instrument detector sys-
tems, more extensive 1&T, and additional
launch vehicles, and do not offer any advan-
tage in launch vehicle cost.

1.3.1.1 SXT Flight Mirror Assembly

The SXT FMA, illustrated on Foldout
3-E10, consists of four major components: the
SXT mirror, the RGS Grating Array (RGA),
and thermal pre- and post-collimators (see Sec-
tion 2.4.1.1). X-rays enter the SXT FMA
through the pre-collimator and are directed to a
focus by the SXT mirror. The SXT mirror con-
sists of highly nested reflectors utilizing a
two-reflection Wolter Type I design, in which
the incident X-rays reflect off confocal parabo-
loid and hyperboloid surfaces of revolution, at
shallow angles. A schematic of the Wolter I
concept is shown on Foldout 2-C. In the SXT
design, the aperture is optimally filled with
mirrors, facilitating high throughput of incident
radiation. Approximately half the reflected
X-rays pass through the RGA and impinge on
the XMS at the telescope focus. The remainder
are reflected or diffracted into various orders
by the RGA and into the off-axis RGS Focal
Plane Camera (RFC). All the X-rays pass
through the thermal post-collimator en route to
the focal plane.

SXT FMA Requirements: The requirements for
the SXT mirror are listed in Table 1-4. These
divide into top-level performance requirements
and derived (engineering) requirements.

SXT FMA Implementation: The SXT mirror
has adopted a segmented Wolter I approach for
fabrication. The paraboloid and hyperboloid
surfaces of revolution are composed of a num-
ber of segments of equal arc length. The seg-
mented approach allows for a modular design
amenable to mass production. It also obviates
the need for very large reflector forming man-
drels and mounting fixtures, the technical fea-
sibility and cost-effective mass production of
which are highly questionable. Table 1-5 lists
SXT mirror key properties.

The nominal design for the mirror (Foldout
3-B9) consists of 18 modules, six identical inner
modules subtending a 60-degree arc and 12
identical outer modules subtending a 30-degree
arc. Each segment has two grazing incidence
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Table 1-3: SXT Angular Resolution Error Budget (Arcsec)

Item (HPD - arcsec) Rqmt [Margin Allocation/Predictions Rationale
RGS Resolution 15.00| 4.01|14.46 4 satellites, post-processed
Co-add 4 satellites 1.00 Superposition of data using X-ray
centroids
On-0rbit Telescope - single 14.42 RSS
satellite
CCD pixelization error 0.41 0.5 arcsec pixels
» Grating resolution errors 5.00 Estimate
XMS Resolution 15.00| 4.95|14.16 4 satellites, post-processed
Co-add 4 satellites 1.00 Superposition of data using X-ray
centroids
On-Orbit Telescope - single 14.12 RSS
satellite
_-_Calorimeter pixelization error 4.08 5 arcsec pixels
« Telescope level effects 5.20 RSS
— Image reconstruction 4.24 RSS
errors (over obs)
— SXT/Telescope 2.00 Eng. estimate based on Chandra
mounting strain experience
— SXT/Sl vibration effects 2.00 Chandra experience (jitter)
— SXT/SI misalignment 1.00 Chandra experience
%l (off-axis error)
| - SXT/sl focus error 0.20 Analysis
| « SXT Optics - on-orbit 12.48 RSS
|  performance
-Z — SXT Mirror launch shifts 2.00 Eng. est. based on Chandra
= Thermal errors 2.24 RSS
€| - Material stability effects 1.00 Est. based on Chandra work
S| —SXT Mirror, as built 12.07 RSS
--Gravity release 1.50 [FEA analysis using vertical assy
--Bonding strain 3.00|Eng. estimate, analysis in process
--Alignment errors 3.38|RSS
(using CDA)
--Installation in housing 5.00|Est. based on OAP1 testing
--Optical elements 9.90 [Est. based on tech dev program

Legend: Requirement Margin

reflection stages, referred to as primary (parabo-
loid), and secondary (hyperboloid).

Key components of the mirror include: (1)
Reflectors, consisting of thermally formed glass
substrates with an epoxy replicated reflecting
surface (Foldout 3-A5). A gold overcoat pro-
vides high reflectivity in the 0.25-10 keV band-
pass. The primary and secondary reflectors are
separate pieces. Each outer module contains 90
reflector pairs, each inner contains 140; an SXT

RSS Prediction

10

Allocation

mirror has 3,840 reflectors. (2) Module hous-
ings, fabricated from a laminate consisting of
carbon fiber composite and aluminum sheets,
designed to match the coefficient of thermal
expansion (CTE) of the reflectors. (3) A mount-
ing plate, also CTE matched to the reflectors,
which form an interface surface to the RGA.

Each module, in turn, is incorporated in the
FMA (Foldout 3-E).
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Table 1-4: SXT FMA Requirements Per Observatory

SXT FMA Trace to Top-Level Mission Requirements
Performance Requirements Foldout 1
Bandpass 0.251t0 10 keV Allocation of mission bandpass to SXT
Effective area Provides 33,000 cm? at 1 keV and 6,900 cm? at 6 keV for the mission. Allows
(per mirror) effective area losses due to detector efficiency, etc., to achieve TLRD baseline
@0.25 keV  |8,826 cm? requirement per error budget summarized in Table 1-2.
@1.25keV  [8,421 cm?
@6 keV 1,722 cm?
Angular 12.5 arcsec HPD Error budget allocation to mirror that allows telescope system to achieve
resolution requirement of 15 arcsec with 4 arcsec margin combined by RSS (Table 1-3)
Field of view |2.5 arcmin Exceeds instrument FOV; defined by detector FOV
Derived Requirements: SXT Mirror Derivation
Diameter 1.6m To meet mission area requirements with 4 mirrors
Focal length 10m Consistent with grazing angle requirements for 1.6 m diameter mirror
Axial length <70 cm To fit within envelope and meet fabrication considerations
Operating 20+1° C nominal Range is per allocation from SXT angular resolution error budget (Table 1-3);
temperature minimizes angular distortions imposed by temperature change to components.
Operating temperature is determined by optics assembly temperature
Mass 642 kg Current engineering estimate

Derived Requirements: SXT Grating: See Table 1-3

Derived Requirements: Thermal Pre/Post collimators

Temperature  |1° C across diameter |Allocation from SXT angular resolution error budget (Table 1-3); minimizes
gradient 1° C axial angular distortions imposed by temperature gradients
Mass 47 kg Current engineering estimate

SXT Mirror Estimated Performance: The ex-
pected SXT mirror performance is consistent
with the requirements for meeting mission
measurement and investigation objectives.

Table 1-5: SXT Mirror Key Parameters

Parameter Description

Design Segmented Wolter |

Reflector substrate material

Thermally formed glass

Reflecting surface fabrication

Epoxy replication

X-ray reflecting surface

Gold

Number of nested shells

140 (inner); 90 (outer)

Total number of reflectors

3840

Reflector length

20-30 cm

Number of modules

6 (inner); 12 (outer)

Module housing composition

Composite/aluminum
laminate, CTE-matched
to substrate

Largest reflector surface area |0.16 m?
Substrate density 2.4 gm/cm?®
Reflector thickness 0.4 mm
Reflector microroughness 0.4 nm RMS

FMA mechanical envelope

1.7 mdiax1.65m
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Table 1-2 shows the overall SXT effective area
vs. requirements. The predicted overall effec-
tive area at 1.25 keV is 15,200 cm?. Based on
the measured performance of the prototype
components, it is anticipated that the SXT mir-
ror will have an angular resolution of 12.5 arc-
sec, independent of energy, consistent with the
error budget in Table 1-3. This anticipated
value leaves a 4 arcsec performance margin.
The angular resolution will not degrade appre-
ciably across the instrument FOV.

SXT FMA Design/Flight Heritage and Develop-
ment Items: Wolter I mirrors have been flown on
Einstein, ROSAT, Chandra, and XMM-Newton.
The multiple-nested, thin-walled reflector SXT
design draws its significant heritage from the
segmented, thin foil mirrors developed at GSFC.
The reflecting surfaces of the foil mirrors have
traditionally been conical approximations of the
curved Wolter I surfaces. These mirrors flew on
BBXRT, ASCA, Astro-E, and InFOCuS, and
are being prepared for Astro-E2. The SXT
design has technological overlap with the
XMM-Newton mirrors, sharing similar concepts
for mass production process and facility, and for
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multiply-nested thin, lightweight shells leading
to comparable imaging performance. The SXT
mirror development also exploits the extensive
experience gained from Chandra and its prede-
cessors, ROSAT and Einstein, in systems engi-
neering and modeling, alignment, and thermal
pre- and post-collimator design. Collimators are
further discussed in Section 2.4.1.1.

1.3.1.2 Reflection Grating Spectrometer

The RGS is an array of co-aligned reflection
gratings (RGA) and an array of back-illumi-
nated (BI) CCD detectors (the RFC) that detect
the X-rays reflected and dispersed by the RGA.
The RGA, which consists of about 1000 indi-
vidual gratings held in grazing incidence with
respect to the local converging beam, works as
a single dispersive optic. It focuses X-rays
passing through the SXT onto the RFC in an
“inverted Rowland circle” design (Foldout
2-C). The RGS block diagram is shown in
Figure 1-3.

The RFC (Foldout 4-B12) uses two separate
camera systems: the Spectroscopy Readout
Camera (SRC) and the Zero Order Camera
(ZOC). The SRC is a long, narrow strip of
CCDs that images the dispersed spectrum from

the gratings over the RGS bandpass while the
ZOC reads out the image of the sky (the grat-
ing zero-order image) reflected off the grat-
ings. The ZOC is required to anchor the
spectrometer wavelength scale by tracking
small aspect drifts on the sub-arcsec scale.

RGS Requirements: The RGS system perfor-
mance requirements are provided in Table 1-6,
along with the trace to the top-level mission
requirements, and the derived requirements for
the RGA and RFC. The RGS spectral resolu-
tion is driven by the SXT mirror angular reso-
lution, resulting in a reflected requirement
from the RGS onto the SXT angular resolution
performance of 15 arcsec.

RGA Implementation: The RGA uses a modu-
lar approach. The thin gratings are aligned and
assembled into grating subassembly modules,
identical subgroups of gratings that are made
up of about 10 gratings each (Foldout 3-D19).

The gratings are aligned with respect to one
another and to reference surfaces on the mod-
ule frames. The alignment fixturing disengages
from the gratings after the gratings are bonded
to the subassembly frame. These identical grat-
ing modules are in turn attached to the array

CCD X-Ray Detectors (13 SRC + 1 Z0C)

clock drivers

L typ. x18 per CCD EDCCD Enable

Heater Power

Analog Electronics

V Al Event Driven
Image | Framestore . CCD Readout RFC
Section | Section | pixels Control
(typ. x4 per CCD)
CCD Power

Event
Pixel Signals

e ASICs
® FPGAs

Digitized Events

e CCD Operating Power
e A/D Converter
e EDCCD Enable

| Monitors

A

Digital Electronics

e Digital Pre-Processor
e |nstrument Controller
e Command Interpreter

Setup & Control Commands

e Housekeeping/Instrument Health

'
............................................

.............................................

Figure 1-3: Block Diagram of the RGS System
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Table 1-6: RGS Requirements Per Observatory

RGS Performance Requirements

Trace to Mission Top-Level Requirements
(Foldout 1)

Bandpass

0.25-2.0 keV
(6 0 50 A)

In combination with XMS, meets spectral resolution rgmts over the
0.25 - 10 keV bandpass. 1 to 2 keV used for calibration with XMS

Spectral resolving power,R
(MAN)

=300 below 1 keV

Meets TLRD baseline requirement for R

Effective area
@0.25 keV
@0.6 keV
@1.25 keV

250 cm
625 cm
175 cm?

Flowdown from mission baseline effective area requirement

Derived RGS Grating Array Requirements

Derivation

Grating efficien (%
@0.25 keV (15 Order)

Flowdown from area requirements. Theoretical efficiency with 50%

>0.14 margin. Met with 40% margin when measured efficiencies for aniso-

@0.6 keV 15t Qrder >0.22 tropically etched grating test ruling are used

@1.25 keV (2" Order) >0.06
Interception factor 0.57 Fraction of X-rays entering RGA intercepted by gratings and dispersed

in the various orders. Flowdown from area requirements

Straight-through factor 0.38 See Inteception factor (above)
Grating goove parameters Given 15 arcsec HPD telescope, and requiring A/AA=400 at blaze (blaze =
a.: incidence angle a=1.61deg 0.605 deg.) reflectivity is optimized there using scalar diffraction theory
y: graze angle v =2.21 deg.
d: groove spacing 1/d = 407 mm’™’

Grating flatness

<2 arcsec FWHM

Grating error budget flowdown for spectral resolution. Combined with
alignment error, allows broadening of the line spread function core by
no more than 30% and SXT mirror dominates

Grating to grating alignment

<2 arcsec FWHM

See grating flatness item (above)

Mass

50 kg

Current engineering estimate

Derived RGS Focal Plane Camera Requirements

Derivation

Quantum efficiency
@0.25 keV
@0.6 keV
@1.25 keV

>0.86
>0.93
>0.98

Flowdown from area requirements

Energy resolution at 250 eV |> 90% events within  |Required to separate spectra from overlapping orders. The require-
100 eV band ment is met with 20% margin by state-of-the-art (ACIS-S) BI CCD’s
Optical Blocking Filter
-Visible light rejection >108 Optical light rejection to avoid CCD pulse height confusion
-X-ray transmission >0.8 Flowdown from area requirements in conjunction with grating effi-
g?%g Ilie¥ >0.98 ciency meets the top-level area requirements
25 ke

Optical starlight rejection

<1 electron/pixel/read-
out for 10 magnitude
star

Joint requirement on pre-collimator, SXT straylight performance, and
SRC CCD optical blocking filter performance

Pixel size 24 um Required to critically sample the Point Respose Function

SRC number of pixels, dis- [1.3 X 104 Required to cover the dispersed instrument bandpass (0.25 to 2 keV),
persion direction given above pixel size and SXT focal length. (1024 pixels x 13 CCDs)
SRC number of pixels, 512 Required to provide adequate areas to enable background subtraction
cross-dispersion direction

Z0C CCD format 1024 X 1024 Identical to SRC chips to minimize costs

Frame readout rate

2 second integration
time per frame

< 50% pileup in central CCD pixel for bright source limit, assuming
20% flux in single emission line

Operating temperature

-60° C t0 -80° C

Reduces hot and flickering pixels

Mass

33 kg

Current engineering estimate

13
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integrating structure to assemble the full grat-
ing array. Attachment to the integrating struc-
ture may be done by preparing precise
receiving ends for the kinematic mounts built
into the grating module frames or by aligning
and bonding each grating subassembly.
Table 1-7 shows the RGA design properties.

RFC Implementation: The CCD cameras that
make up the RFC feature 13 backside illumi-
nated CCDs with optical blocking filters
applied directly on the thin insulating layer of
the backside. CCDs in the Spectroscopy Read-
out Camera are mounted parallel to one
another to form an approximate Rowland Cir-
cle (Foldout 4-B12). The CCDs' readout fre-
quency is set to avoid X-ray event pileup, noisy
pixels, and optical stray light. High frequency
readout of the CCDs within the allowed power
allocation is made possible by using “event
drive” circuitry that involves a non-destructive
charge sensor and a CCD “first-in, first-out”
readout scheme where the significant pixels are
diverted and eventually digitized (Foldout
4-B13). A block diagram of the RFC is pro-
vided within Figure 1-3.

Estimated RGS Performance: The effective
area of the RGS instrument is shown in
Figure 1-1. The predicted RGS effective area at
0.6 keV (including first and second spectral
orders) exceeds its requirement by over 100%.
The RGS significantly exceeds the mission
requirement for resolving power R of 300 at
lower energies.

RGS Design/Flight Heritage and Development
Items: Mission requirements of the RGS will be
met by using a design model with heritage
from the reflection grating spectrometer instru-
ment aboard XMM-Newton whose perfor-
mance parameters are very similar to the
Constellation-X RGS. The baseline design for
the RGS is a scaled-up version of the existing
grating spectrometer aboard XMM-Newton.
The two XMM-Newton grating arrays each
consist of 182 precision-aligned (2 arcsec), flat
(2 arcsec), lightweight grating replicas of a sin-
gle master grating. Approximately five times
as many gratings will be required for each
Constellation-X RGS, with a similar alignment
budget. Consequently, the major development
areas for the RGS lie in reducing the mass per
unit mirror aperture area and improving fabri-
cation processes for grating fabrication and

14

Table 1-7: RGS Grating Array Parameters

Parameter Description

Design Reflection grating posi-
tioned on Rowland circle

Grating substrate material |Slumped glass or silicon
wafer

Substrate density 249cm™

X-ray reflecting surface Gold

Number of gratings per ~10

module

Number of grating 100

modules per assembly

Grating area (per grating) {100 x 200 mm

Grating thickness <0.9mm

Module housing composi-
tion

Beryllium or graphite epoxy

CCDs. These areas of development are
described in more detail in Sections 3.1.2 and
3.1.3.

1.3.1.3 X-ray Microcalorimeter Spectrometer

The XMS (Foldout 4-A) uses an X-ray
microcalorimeter to sense individual X-ray
photons as heat!’] and determine their energy
with high precision (Figure 1-4). The unique
feature of the microcalorimeter is that it com-
bines very high spectral resolution with high
quantum efficiency over a broad energy band
in a nondispersive spectrometer. Thermody-
namic limits determine the spectral resolution
and drive the need for operation at a tempera-
ture below ~0.1 K. Although extraordinarily
cold, such temperatures can be readily

X-ray photon

TEMPERATURE

Thermometer

€Xo007
Figure 1-4: Conceptual Diagram of an X-ray
Microcalorimeter
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achieved and maintained using flight proven
techniques.

XMS Requirements: The science require-
ments on Constellation-X specified in Section
1.2.1 require an X-ray spectrometer with very
high resolving power (>1000) and nearly 100%
intrinsic quantum efficiency over a ~10 keV
energy bandpass, and rapid response time. The
field of view and spatial resolution must be
sufficiently high to spatially resolve an
extended structure larger than the HPD of the
SXT mirror without loss of spectral resolution.
These requirements can only be achieved with
an X-ray microcalorimeter array. Specific per-
formance requirements are given in Table 1-8.

Table 1-8: XMS Performance Requirements

XMS Implementation: A block diagram of the
XMS is shown in Figure 1-5 and the key tech-
nologies are shown in Foldout 4-A. The refer-
ence design consists of a 32 x 32 array of
superconducting Transition Edge Sensors
(TES) based on microcalorimeters. The TES
pixels are read out using Superconducting
Quantum Interference Device (SQUID) ampli-
fiers. There will be first-stage SQUID trans-
formers coupled to each pixel, and these will in
turn be coupled and multiplexed to a smaller
number of second-stage SQUIDs. The sec-
ond-stage SQUIDs will actually be series
SQUID arrays for amplification and coupling
to the external electronics. Surrounding five
sides of the detector housing will be an active

XMS Performance Requirement

Trace to Top-Level Mission
Requirements (Foldout 1)

Bandpass 0.6 —10 keV TLRD
Spectral resolving power (E/AE) [1500 at 6 keV TLRD
Angular resolution 5 arcsec Oversample SXT PSF by a factor of 3
Field of view 2.5 arcmin TLRD
Derived Detector Requirements Derivation
Pixel size 242 pm Meets TLRD beam sampling requirement
Number of pixels 32 x 32 Gives 2.7 arcmin FOV vs. 2.5 arcmin require-

ment

Energy resolution

4eVat6keV;2eVatlkeV

Gives E/AE = 1500 at 6 keV

Intrinsic quantum efficiency 95%

Flowdown to meet effective area req.

Detector speed

<300 usec pulse decay time constant

Supports bright source counting rate req.

Time resolution 10 usec Allocation to meet absolute timing req.
Derived CADR Requirements Derivation
Detector stage temperature 0.050-0.070K Required to achieve detector energy resolution

Temperature stability

~2 uK RMS from 1 Hz to 2 kHz

Base temperature of array must be main-
tained so as not to change detector response

Cooling power 6 uW for array stage

1 mW for “1 K” stage

Based on estimated heat load into detector
stage and heat sink for 2nd stage SQUIDs

Derived Cryocooler Requirements

Derivation

Cooling power 20mWat6 K

Cryocooler cooling power based on overall
CADR system design requirements

Lifetime Same as overall mission No consumables are being considered for
the baseline
Derived Instrument Requirements Derivation
Mass 147 kg Current engineering estimate
Power (watts) 80/146 (min/max) For analog, digital, CADR control electronics
150/200 (BOL/EOL) Cryocooler electronics
Data rate (avg/peak) 7.2/640 kbps Average source rate plus 840 bps H/K data

Peak rate from bright sources limit

15
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X-rays
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Figure 1-5: XMS Instrument System Block Diagram

anticoincidence detector, based on a thermal
detector, sensitive to ballistic photons produced
by charged particles. This will also be read out
with SQUID amplifiers to simplify the design
of the detector. Such detection schemes are typ-
ically used in ground-based dark matter
searches!!”.

The XMS cooling system (consisting of the
CADR and cryocooler) has no stored cryogens,
thus maximizing the lifetime/mass ratio for the
instrument. Cooling of the detector stage will
be achieved using a multistage CADR (Foldout
4-A10), which provides the necessary cooling
power down to 50 mK. The warmer stages of
the CADR are sequentially linked through heat
switches and then cycled to transfer heat to the
relatively warm cryocooler interface. The
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intermediate temperatures will be set during
Phase B by trade studies involving the block-
ing filters, series SQUID arrays, and CADR
efficiencies. The final operating temperature of
the series SQUID arrays will be determined as
the system design of the TES, CADR, cryo-
cooler and cryostat matures.

A mechanical cryocooler will provide the
6 K heat sink for the CADR and will actively
cool several thermal shields within the cryostat
(Foldout 4-A9). It will also thermally anchor
internal XMS signal and CADR current leads.
The cryostat will provide the necessary struc-
tural support and thermal isolation for all
microcalorimeter, CADR and cryocooler com-
ponents contained within the outer shell.
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Blocking filters in the aperture of the cryostat
prevent heating of the detector stage by
non-X-ray radiation. Transmission of these fil-
ters determines the low energy limit to the band-
pass (~0.25 keV). The high-energy limit (>10
keV) is determined by the X-ray absorption effi-
ciency of the absorber and the SXT mirror
reflectivity. The X-ray photons are amplified,
demultiplexed, triggered, and then analyzed for
pulse height, arrival time, and anticoincidence
with the analog and digital electronics external
to the cryostat. The cryostat will have a one-time
use aperture door that will be opened after
launch after outgassing levels are adequately
low (typically 2-3 weeks).

The XMS will be calibrated based on the
Astro-E/E2 model. X-ray monochromotors
will be attached to the XMS cryostat and used
to measure the energy gain and spectral redis-
tribution function over a wide range of instru-
ment operating parameters. They will also be
used to measure the X-ray transmission of the
X-ray blocking filters.

Estimated XMS Performance: The baseline
XMS design meets the basic performance
requirements listed in Table 1-8. At 6 keV, the
overall quantum efficiency is determined by
the filling factor of the array. This works out to
95% with 6 um gaps between pixels (8 um has
already been demonstrated (Foldout 4-A). At
lower energies, the transmission of the block-
ing filters determines the efficiency, and trans-
missions have been adopted based on
Astro-E2-like aluminized-polyimide designs.
The overall effective area of the XMS/SXT is
shown in Figure 1-2 and meets the baseline
requirements.

Single-pixel TES devices with a resolution
of 2-4 eV at 1.5 keV have already been demon-
strated, and a resolution of about 4 eV has been
demonstrated!®! in a TES at 6 keV. Microcalo-
rimeters with semiconducting thermometers
(ion-implanted Si or neutron transmuta-
tion-doped Ge) have achieved 4-6.8 eVI19],
These values meet the baseline requirements of
Table 1-1. An energy resolution of 1.9 eV is
possible for an ideal TES detector with T, =
100 mK, heat sunk to 50 mK and meeting the
Constellation-X requirements for pixel geome-
try and efficiency. Real devices have additional
noise that seems to behave in a manner depen-
dent on the device fabrication process. This
indicates that it should be possible to reduce
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this noise component through systematic
device engineering and optimization. Progress
in this field has been extremely encouraging,
and it is anticipated that a resolution of 2 eV at
6 keV will be achieved. Thus, the key develop-
ment area for the XMS is producing large,
close-packed arrays of microcalorimeters with
this level of performance.

Technology Heritage and Development Items:
Microcalorimeter spectrometers have been
developed for sFace applications for an orbit-
ing observatory!?"! (the Astro-E2 high resolu-
tion X-ray Spectrometer [XRS]) and two
successful suborbital flights(?!], the X-ray
Quantum Calorimeter (XQC), as well as
numerous ground-based instruments. Under
construction for a launch in February 2005,
Astro-E2 will replace the original Astro-E
observatory that was lost during launch in Feb-
ruary 2000. Figure 1-6 depicts an actual 36-¢le-
ment flight microcalorimeter array from the
Astro-E2 XRS program. Four support beams
for each pixel provide thermal isolation and
electrical readout (for clarity, the image shows
the array prior to absorber attachment; the
pixel pitch is 640 microns). The relevance to
Constellation-X is that many of the XMS com-
ponent technologies take their heritage from
the designs and flight qualification processes
of these programs.

The technology required for the XMS is
rooted in extensive space flight development
programs at GSFC. XRS and XQC instruments
use pixel arrays based on semiconductor ther-
mometers and cooled to 60 mK with sin-
gle-stage CADRs in cryogenic systems

R RN E NS
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LA FEREFERER
Figure 1-6: Actual flight qualified X-ray microcal-

orimeter array from Astro-E2 XRS. Shown prior
to absorber attachment.
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designed to survive the demanding loads of
solid rocket launch vehicles. Based on
pre-launch thermal balance tests, the XRS He
dewar achieved its demanding requirement of
< 1.2 mW total heat load with 30% marginl?2,
Digital signal processing with optimal filtering
has been developed and used onboard these
instruments to achieve maximal spectral reso-
lution with minimum telemetry downlink.

The SQUIDs required for readout have also
been fabricated at the National Institute of
Standards and Technology (NIST). Although
these must be further developed and subjected
to space environmental testing, SQUID ampli-
fiers have been successfully flight-qualified
under the Gravity Probe B program and a
Space Shuttle experiment!?3,

The aperture door mechanism will be a
spring-loaded pyro-activated design based on
the Astro-E/E2 units.

The first space flight Adiabatic Demagneti-
zation Refrigerator (ADR) was developed and
qualified for the XRS instrument. An identical
unit is presently being built for the Astro-E2
reflight. The design is also the basis for two
nearly identical ADRs for two SOFIA instru-
ments (HAWC and SAFIRE) that have been
fully tested and delivered. The University of
Wisconsin, in collaboration with the GSFC,
has successfully operated an ADR in zero-g on
its suborbital instrument, the XQC. To date,
there have been two successful launches of the
XQC, with the ADR maintaining stable opera-
tion at 60 mK each time.

HXT
Mirror

Fundamental cryocooler technologies exist
in flight coolers employed on HST/NICMOS,
AIRS, and TES reaching temperatures down to
50 K. Manufacturers of these coolers have lab-
oratory versions that reach lower temperatures,
and they are now involved in the development
of the needed 6 K cryocoolers.

1.3.1.4 Hard X-ray Telescope

The HXT on each observatory consists of
three highly nested, multilayer-coated, grazing
incidence mirror assemblies, each of which
focuses onto a separate hard X-ray detector.
Multiple, modest diameter mirror assemblies
provide shallow graze angles, maximizing the
reflectivity at energies above 10 keV. Depth
graded multilayer coatings on the mirrors fur-
ther increase the bandpass and FOV over that
achievable with standard metal coatings. The
HXT is coaligned with the SXT to ensure that
both telescopes view the same target.
Figure 1-7 shows a block diagram of the HXT.

HXT Requirements: Table 1-9 summarizes the
HXT requirements, traced to the top-level sci-
ence requirements.

Implementation: Each mirror assembly con-
sists of a nested set of approximately 150 shells
in a conical approximation of a Wolter-I geom-
etry. In the reference implementation, each
shell is divided into six segments in azimuth
and four segments along the optical axis, for a
total of 24 segments per shell. Table 1-10 lists
the HXT mirror parameters.

X-rays
Detector/Electronics
CdZnTe sensors (x3)
with VLSI
Readout Chips |—| A/D
(2/module) Converter -
— rocessor
Foldout 4-C15) [— Coincidence
( Do, | andCorto oy wisc oo SR, |
BGO Shield PMTs Logic/Scalars processor 03 128 kB EEPROM
with blljlilt—in I;V 384 kbyte Data Data
supplies an . RAM (x3)
amp/discrimators /}T]?L%% SIEIJ\BSXSEEQ
Temp and Volt. Mon. [« Lv Low Voltage | »
8V
CTther?waI Control (F;%";’er Power Supply/ | power
nTe HV supply Regulators

Figure 1-7: Block diagram of the HXT system
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Table 1-9: HXT Requirements Per Observatory

HXT Performance Requirements

Trace to Top-Level Mission Requirements

Bandpass 6 to 40 keV

Allocation of mission TLRD band pass to HXT;
provides calibration with SXT from 6 to 10 keV

Spectral resolving power (E/AE) 10

Meets baseline mission requirement for R, for
10 keV and above

Angular resolution <1 arcmin HPD

Meets baseline mission angular resolution
requirement for 10 keV and above

Signal/background >1 for T< 2 x 10% sec
Field of view >8 arcmin Meets mission FOV for 10 keV and above
Mass 151 kg Current engineering estimate
Derived HXT Mirror Requirements Derivation
Focal length 10m Provides shallow graze angles for high-energy
Diameter 40 cm
Collecting area 625 cm? fgr each mirror Is requirement
(7500 cm< for mission)

Derived HXT Detector Requirements Derivation

Pixel size 500 micron gorr?seponds to 10 arcsec; oversamples by a fac-
oro

Number of pixels 28 x 48 2 hybrids per focal plane
Quantum efficiency 0.90
Operating temperature -15°Ct0-5°C

The reflectors are fabricated by thermally
forming thin glass sheet into cylindrical seg-
ments of approximately the correct radius.
These segments then undergo an epoxy replica-
tion step against a polished conical mandrel to
remove mid-frequency figure errors. The seg-

Table 1-10: HXT Mirror Parameters

Parameter Description

Segmented Wolter |
conical approximation

Thermally formed
glass

Reflecting surface fabrication |[Epoxy replication
X-ray reflecting surface W/Si graded multilayer
Number of nested shells/mirror {150

Number of reflectors/mirror 1800

Reflector length 12 cm

Number of azimuthal segments (6

Design

Substrate material

Largest reflector surface area |250 cm?
Outer, inner mirror radius 6,20 cm
Substrate density 249cm?
Reflector thickness 0.3 mm
Reflector roughness (RMS) 0.3 nm

ments are then coated with a depth-graded
W/Si multilayer structure in a magnetron sput-
tering chamber (Foldout 3-C12). The segments
are characterized for reflectance and mounted
into the mirror.

The mounting process begins with a central
mandrel, which serves as a base and also to
locate and align the final mirror assembly in
the OB. Using a custom assembly machine,
glass segments for a shell are laid down, and
graphite spacers epoxied to the back (Foldout
3-C11). The spacers are then machined to the
desired surface, and the next shell is laid. This
method constrains the segments to the desired
final radius and eliminates stackup error.

The focal plane for each mirror assembly
contains a high-Z, wide bandgap semiconduc-
tor (CdZnTe or CdTe) detector readout by a
custom, low-noise ASIC. The detector is
hybridized: the anode contact is segmented into
pixels (Foldout 4-C15, insert), with each pixel
bump bonded to a separate readout channel on
the ASIC chip. The pitch of readout circuits
matches that of the contacts on the sensor. Due
to size limitations on the readout and sensors,
each focal plane will contain two hybrids
mounted side-by-side on a board (Foldout
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Table 1-11: HXT Detector Parameters

Parameter Description
AE (FWHM) <1.2 keV (6 keV)
Dimension 2.3x2.3x0.2cm
Bits/photon 48
Max. count-rate 50 cts/sec/pixel

200 cts/sec/module

Typical count-rate

5 cts/sec/module

Time resolution

10 microseconds

4-C15). Table 1-11 summarizes the detector
parameters. The 500 um detector pixel size
corresponds to 10 arcsec at the focal plane,
meeting the top-level oversampling require-
ment. Each module (two hybrids) is supported
by a Minimal Instruction Set Computer
(MISC) processor situated on a board immedi-
ately behind the detectors. This processor con-
trols readout of the ASIC and other external
logic functions.

Because the HXT operates at high X-ray
energies, where detector background domi-
nates over diffuse emission from the sky, the
HXT requires an active anti-coincidence shield
to reject particle and locally produced photon
backgrounds. The shield will be fabricated
from an active inorganic scintillator (BGO or
Csl), and will be configured in a well geome-
try, with the detector at the bottom. Determina-
tion of the geometry is awaiting detailed
calculations of the background environment in
the Constellation-X orbit.

Absolute HXT calibration will be largely
performed in flight using cosmic sources. Rou-
tine gain stabilization will be accomplished
using a pulser built into the ASIC and by small,
radioactive """ Am sources placed inside each
anticoincidence shield.

Estimated HXT Performance: The configura-
tion described above meets HXT performance
requirements as listed in Table 1-9. Figure 1-1
shows a calculation of the effective area for the
baseline, which exceeds the required 1500 cm?
below 40 keV and has sensitivity extending to 60
keV. The HXT angular resolution performance
prediction of 43.5 arcsec meets the requirement
of 60 arcsec with significant (41 arcsec RSS)
margin. This performance estimate is supported
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by a detailed error budget similar to the one
developed for the SXT (see Table 1-3).

HXT Design/Flight Heritage and Development
Items: HXT optics technologies are extrapola-
tions of systems developed for balloon experi-
ments. All principal fabrication steps for HXT
optics have been demonstrated. Glass segments
have been produced with multilayers of the
required design and the reflectance demon-
strated as high enough to meet the requirement.
Segments have been mounted with sufficient
precision to exceed the angular resolution goal,
and prototype units have demonstrated that
45 arcsec resolution can be achieved with unrep-
licated shells on the outer radii (Foldout 3-C14).
It remains to be demonstrated that replicated
shells will meet resolution requirement at small
radii, although modeling indicates that this will
not be a major obstacle. In addition, the through-
put due to obscuration must be improved to
meet the HXT specification, and a prototype
unit must be tested in the relevant environment.

The detectors (pixel sensor and custom low-
noise electronics) have been developed for the
HEFT balloon program, and will be demon-
strated in flight in Fall 2003. The CdZnTe sen-
sor material will soon have flight heritage from
the Swift experiment and has been flown on at
least five balloon experiments, including
InFOCuS and EXITE. Flight-sized detectors
have been fabricated and tested and currently
meet the spatial resolution, count rate, spectral
resolution, and quantum efficiency require-
ments. Further development of the ASIC is
required to meet the low-energy threshold
requirement (to allow cross-calibration with
the XMS), and the packaging and interconnects
currently are not space-qualified.

1.3.2 Mission Approach

The mission approach is addressed in Sec-
tion 2. In particular, observatory and operations
performance requirements are presented in
Table 2-1 and Section 2.1. The mission opera-
tions concept is discussed in Section 2.3. Data
validation, analysis, and archiving are dis-
cussed in Section 2.4.3.
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2.0 MISSION IMPLEMENTATION PLAN

This section addresses all aspects of mission
implementation, and, together with material in
Section 1.3.1, describes the overall mission.
Observatory and operations performance
requirements addressed below and shown in
Table 2-1 follow the overall approach of relat-
ing requirements to the science objectives
described in Section 1.3.1.

2.1 Mission Approach

The mission approach for Constellation-X
uses proven technology and processes for the
spacecraft (s/c), launch vehicle, and operations
from start to finish. The straightforward mis-
sion design demonstrates mission feasibility
and readiness to proceed to the next phase,
reduces risk, and ensures that mission objec-
tives are achieved within mission constraints.
The modular approach to design allows for
parallel testing and makes use of simple inter-
faces, reducing the cost of I&T as well as the
technical risk. Observatory performance can be
verified on the ground, further reducing cost
and complexity. Risk areas have been identi-
fied and risk mitigation strategies developed.
See Section 4.1.2.7 for a discussion of risk
management.

This section describes a Reference Mission
design and architecture?! developed by GSFC
and SAO and which includes study results from
TRW and Ball Aerospace done under NASA
Cooperative Agreement (CAN-555-46-232).
This reference configuration is one viable way
to meet the science requirements: it proves the
mission concept, aids in costing and require-
ments management, and forms the basis for
trade studies. Future proposals will be compared
with the reference design to verify that these
solutions can meet mission requirements.

2.2 Launch, Trajectory, and Orbit Characteristics

2.2.1 Launch

Two separate launches, each of two observa-
tories, are planned. Each pair of observatories
will be launched side by side within a single
fairing (Foldout 2). The Atlas V launch vehicle
is the baseline for the Constellation-X mission
because it better suits the volume and mass char-
acteristics of the payloads, although the Delta IV
remains an option. Both launch vehicles had
their successful maiden flights in 2002 with
commercial payloads rather than dummy loads.
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The Atlas V 551 launch vehicle has a usable
diameter of approximately 5 m and length of
16 m; the payload fairing (PLF) meets the vol-
ume required by the side-by-side Constellation-X
observatory configuration. The Delta IV 4450-14
launch vehicle has a medium fairing with a usable
diameter of approximately 5 m and length of
approximately 14 m. Use of a Delta IV requires
an extendable optical bench. Either launch vehi-
cle can insert two Constellation-X observatories
weighing more than a total of 5,000 kg into the
lunar phasing loop orbit.

The observatories will be launched from
Cape Canaveral Air Force Station in Florida.
Launches are planned for 2010 and 2011.

2.2.2 Trajectory and Orbit

The Constellation-X orbit is a thermally stable
Lissajous orbit at the L2 Sun-Earth libration
point, like that used on the Microwave Anisot-
ropy Probe (MAP) mission. The L2 point is
located on the Earth-Sun line on the anti-Sun
side of the Earth, about 1.5 million km away.
The orbit provides high viewing efficiency
because targets are not eclipsed by the Earth.
Each of the four observatories will move about
L2 with an approximately 6-month period and a
maximum distance from L2 of approximately
300,000 km.

Each pair of observatories will be launched
using a single launch vehicle. After launch they
will be separated into non-intersecting injec-
tion orbits to avoid collision. After separation,
each observatory will be maneuvered into a
series of phasing loop orbits about the Earth,
perform a lunar gravity assist, then follow a
cruise trajectory (approximately 100 days) to
L2 to its unique orbit. See Foldout 2 for a sche-
matic of this orbit insertion.

The total AV required is approximately
177 m/sec per observatory. This includes cor-
recting for launch vehicle errors, targeting the
lunar gravity assist, mid-course correction
maneuvers, Lissajous orbit insertion, and
station-keeping maneuvers. Routine station-
keeping maneuvers will be performed approxi-
mately once every 90 days.

2.3 Operations Concept
Top-level requirements that flow to the
Operations Concept!>S! are shown in Table 2-1.
The Constellation-X Science and Opera-
tions Center (CXSOC) will evolve from, and
be co-located with, the Chandra X-ray Center
(CXC) at SAO. This approach is low-risk and
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Table 2-1: Driving Observatory and Operations Performance Requirements

Parameter

Requirement

Source/Rationale

Performance

Telescope pointing
(aspect) determina-
tion ground-based
post processed

5arcsec, 3o

Flowdown from aspect
determination error
budget to meet the
celestial location
knowledge, Table 1-1

Derived star tracker attitude knowl-
edge requirements is 3 arcsec, 3o

Pointing Control

30 arcsec pitch/yaw; 60 arcsec roll

Maintain target within
instrument FOV

AOCS system meets the
requirement

S/C Data Storage  |On-board memory sized for 3 days Flowdown from Ops |43 Gbits for each observatory: sized
normal ops plus 1 bright source Concept to allow from instrument data rates (all
observation missed contacts operate simultaneously)

Redundancy No single failure will result in the loss [TLRD Constellation of 4 observatories,
of more than 25% of the mission sci- each with redundancy in critical

2 ence systems

§ Reliability Probability of mission success shall be [TLRD Each observatory shall be criti-
5 75% at the end of the normal cal-component redundant

2 operations life

o

Contamination

Level 100 A/3 at launch on all optical

TLRD, Contamination

Dry N, purge system (GSE) during

Control surfaces; 100 A at EOL Control & Implementa- |I1&T and up to launch, witness
tion Plan: minimize loss | sample monitoring, adherence to
of effective area and MSFC 1443 for materials selection
calibration uncertainties
Mass Meet vehicle throw weight, with margin| RMD 2476 kg observatory mass meets
the requirement with 34% margin
Power Meet observatory power needs EOL ~ |RMD 1075 W EOL meets the requirement
with margin with 34% margin
Propulsion Consumables sized to achieve and TLRD Tanks sized to meet 10-year goal;

maintain L2 orbit for minimum of 6
years

wet mass sized for 6-year
requirement

Primary Impact On:

Telemetry Volume

Capable of downlinking 1 day of data
per pass; 1 hour per pass

Flowdown from Ops
Concept, in
conjunction with
onboard storage limit

X-band antennas and ground
stations sized to meet requirements
with link margin

Downlink Frequency

1 downlink/day/observatory

Ops Concept: joint
requirement on sizing
of on-board storage

1 downlink/day planned for each
observatory

Timing

Arrival time accuracy of +100
microseconds (UTC)

TLRD

Arrival time accuracy +90 usec

Mission Duration

4 years normal operations with all
satellites

TLRD, Table 1-1

Systems designed to meet
requirements

Observatory and Ground Segment

Observing Efficiency |90% TLRD, Table 1-1 L2 orhit

Sky Coverage 90% 2x/year, 100% 1x/year TLRD Design meets requirement

Data Uplink Volume |4 Mb Ops Concept Design meets requirement

Data Uplink Once/week Ops Concept Science Observing Plan generated
Frequency and uplinked weekly

Data Latency 2 weeks (72-hour goal) from comple- |[TLRD Ground system requirement meets

tion of observation to product delivery

requirement.

g TOO Frequency Approx. 2x per month TLRD, Table 1-1 Design exceeds requirement
2|T00 Response Time |<24 hours TLRD Meets requirement

=

«| Archive Storage 10 years of all raw and processed (to  |Ops Concept, Table 1-1 |Ground system design meets
= Level 3) mission data, plus requirement

3 reprocessing

S
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leverages a significant investment by NASA in
facilities and expertise. Planning for transition
has been initiated. No difficulties are seen in
the time frame for CXSOC development. The
CXSOC is the primary interface between the
General Observer (GO) and the mission. The
architecture of the CXSOC is described in Sec-
tion 2.4.2 as is a discussion of data validation,
analysis, and archiving.

CXSOC personnel consist of the following
functional teams: Flight Operations, Ground
Operations, Mission Data, Systems Engineer-
ing, Technical Support, and the Science Divi-
sion (which works closely with the Science
Instrument teams).

Because no inter-observatory communica-
tions are required, each observatory is treated
separately, and constellation management
issues are reduced to managing four identical
but independent s/c. CXSOC software contains
unique identifying tags for each observatory,
ensuring proper control. This allows for re-use
of the CXC mission operations tools to the
greatest possible extent.

2.3.1 Operations Development

Operations development begins at the start
of the implementation phase, with develop-
ment of the mini versions of the CXSOC Mis-
sion Data System (MDS). These provide
uniform command, telemetry, data manage-
ment, and trending functions for use during
development, I&T, and flight operations. This
minimizes duplication of effort and maximizes
commonality in procedures and databases and
hence ensures continuity between development
and flight operations. The Electrical Ground
Support Equipment (EGSE) used by the instru-
ment teams will be planned for integration at
the CXSOC to support mission operations.

2.3.2 Launch and Early Orbit

Launch and early orbit support for each
launch (two observatories) will last approxi-
mately 100 days. The two observatories will be
contacted several times per day for health and
safety monitoring, observatory checkout and
configuration, orbit maneuvers, and science
instrument turn-on and initial checkout. Instru-
ment calibrations and checkouts will also be
performed during the transit to L2. The Flight
Operations Team (FOT), with support from an
extended Technical Support Team (TST), will
conduct Launch and Early Orbit activities. The
TST is composed of civil service, observatory
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prime contractor, and CXSOC staff. GSFC will
provide the Mission Director, and the CXSOC
contractor will provide the Mission Manager.
Activities associated with launch of the second
pair of observatories will be kept physically
separate and operationally independent from
the ongoing routine operations of the first pair
of observatories by using separate hardware
and software.

Members of the observatory and instrument
test teams will augment the normal operations
team during this phase to perform checkouts
and verification. After completing this activity,
the extended TST will disband and the mission
will transition to normal science operations.
The core TST will be on-call if needed.

2.3.3 Normal Operations

A long-term Science Plan will be generated
based on the accepted proposals submitted by
prospective GO. This plan is a timeline of all
the current cycle’s time-constrained observa-
tions. The remaining (non-constrained) targets
will be allocated to one-week slots or pools
based on observation length, target visibility,
momentum management, and other relevant
factors with the goal of maximizing the observ-
ing efficiency.

During normal science operations, the
CXSOC Science Mission Planning staff will
prepare weekly observatory schedules using
the Science Plan for the current cycle. This
plan, which will be uplinked to each observa-
tory, is a time-ordered set of RA and Dec for
specific targets and occasionally a specified
roll angle about the boresite. It will include a
start/end time to conduct the observation,
which may range from 30 minutes to 48 hours
in duration. Up to 30 observations will typi-
cally be scheduled per week; the sequence of
these targets will be selected to help maximize
observing efficiency and minimize the momen-
tum buildup in the observatory, as well as meet
other observatory pointing constraints. Each
target will also have an associated estimated
fill rate of the onboard data memory, accurate
to approximately 10% after in-flight calibra-
tion. The on-board data memory has been sized
to accommodate three days of normal
operations at the highest nominal mode record
rate, plus one day of Target of Opportunity
(TOO) operations to allow for flexibility in
dumping the memory.
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After the observatories are maneuvered to a
new target (performed simultaneously to maxi-
mize viewing efficiency), any required
momentum adjustments will be performed (no
more frequently than once every three weeks),
and the onboard antenna will be pointed
toward the Earth through a combination of
antenna tilt angle adjustments and observatory
roll angle selection. The FOT will integrate
additional observatory activities unrelated to
the science observations into the schedule.
Constellation-X ground stations will be sched-
uled for routine operations support using a
Contact Plan, which will be generated automat-
ically by the FOT. The Contact Plan will be
flexible to allow some leeway in the specific
time and/or station used.

At least one (one-hour) ground contact per
day to each observatory will be required. Dur-
ing each contact, the on-board data memory
will be dumped, and any necessary commands
will be uplinked. Tracking data will be col-
lected to refine orbit knowledge. Two stations,
separated by at least 40 degrees latitude, will
be used on alternate days to achieve the
required orbit determination (OD).

The daily downlink of science and engineer-
ing telemetry data will take place using a file
transfer protocol and be captured in the
Constellation-X Mission Data Archive. Nomi-
nally, there will be one science observation per
file, reducing the need for Level Zero Process-
ing (LZP). The CXSOC will convert the data
into Flexible Image Transfer System (FITS)
formats; initiate all pipeline processes to be
used to validate, process, and calibrate the
data; produce mission-related information; and
distribute (push/pull) the results. Data products
include instrument health and safety, trending
information, and the post-facto aspect determi-
nation required to meet the celestial pointing
accuracy requirement.

Approximately two TOO operations per
month may be conducted, which ensures that
their execution does not present an excessive
burden to operations. A TOO requires that a
new observation plan be generated, validated,
uplinked, and executed within 24 hours. This
amount of data may require additional station
passes to downlink the data and will be sched-
uled separately from routine operations.
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2.3.4 Calibration

The CXSOC, with support from the instru-
ment teams, 1s responsible for planning, imple-
mentation, and analysis of the telescope and
science instrument calibration of the constella-
tion. Products derived from the analysis of the
calibration data are archived to the mission
Calibration Database (CalDB). The CXSOC
will determine the ground and on-orbit mea-
surements needed to accomplish these calibra-
tions to the accuracy defined in the Calibration
Plan!?%! and the on-orbit viewing time required
to maintain them. The CXSOC will establish
calibration viewing requirements prior to each
Peer Review, as well as verify that these cali-
bration observations are properly folded into
the science plan and the onboard schedule. The
CXSOC is responsible for defining the CalDB
implementation, its interface to the Science
Processing and Analysis software, and for
maintaining its content. The CXSOC is also
responsible for providing the user interface to
the CalDB, and supporting the GO.

2.3.5 Constellation Management

Because the observatories are essentially
operated independently and are contacted
sequentially only once per day, the existing
software systems will be able to handle the
mission with few changes. Several operations
functions (e.g., station scheduling, trending
generation, momentum management, antenna
pointing, orbit determination, data manage-
ment, attitude refinement, timing, correlation,
etc.) are easily automated, and other functions
produce identical results for all four spacecraft
(e.g., science scheduling, attitude maneuver-
ing, etc.). Consequently, these functions result
in a small increase in the amount of work over
a single observatory. For those functions that
are unique to each observatory (e.g., orbit
maneuvers, anomaly resolution, etc.), there is a
small increase in workload over a single satel-
lite. Flexibility in anomaly resolution is pro-
vided by the fact that an anomaly on one
observatory does not affect the operations of
the remaining observatories, since this is not an
interferometric mission. Experience gained
with the operations of the first two observato-
ries will be applied to the operations processes
of the second pair of observatories.
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2.3.6 Staffing

During each launch and early orbit phases of
the mission, there will be full shift coverage
until stability is achieved. During the transfer
orbit, which will last approximately 100 days,
and during orbit maintenance activities, staff-
ing will be commensurate with planned activi-
ties. The goal is for routine operations to be
staffed during a single 8-hour shift 7 days per
week. Anomaly recovery and TOOs will likely
require some science and operations elements
to be on call 24 hours/day, 7 days/week.

2.4 Mission Architecture

2.4.1 Flight Segment/Observatory Concept

Each observatory consists of a TM, and a s/c
bus, discussed later in this section (see Foldout
2). The modular configuration of each identical
observatory allows parallel processing up to
final integration and streamlines I&T. The
modules have simple interfaces. The s/c design
is straightforward and contains hardware based
on mature technologies that have flown suc-
cessfully on many NASA missions.

2.4.1.1 Telescope Module

The TM comprises mirrors, science instru-
ments, structure, and other associated equip-
ment that combine to form a functioning
telescope. This section addresses TM require-
ments not covered elsewhere.

The TM is subdivided into three modules:

* The Optics Module (OM) includes the SXT
FMA, HXT mirrors, star tracker, associated
kinematic mounts, and supporting structure.

e The Focal Plane Module (FPM) includes the
XMS, the RGS FPC, the HXT detectors and
associated electronics, focus mechanisms,
support structure, and sunshade.

* The Optical Bench (OB) is a five-sided opti-
cal metering structure between the FPM and
the OM and also includes both active and

passive thermal control systems, X-ray baf-
fles, and electrical harnesses.

TM Structure and Alignment: The TM structure
maintains the SXT and HXT mirrors and their
respective detectors in precise alignment to
each other. The telescope has a nominal 10-m
focal length (from optic node to focus). The
TM structure is designed to facilitate initial
alignment during assembly and maintain align-
ment through launch and on-orbit operations.
Stiffness must be sufficient to maintain align-
ment in the presence of dynamic disturbance.
The first resonant frequency must be greater
than 15 Hz. TM components include alignment
aids for optical alignment. The TM structures
are made of graphite-reinforced epoxy (GREP)
optimized for low CTE in specific directions.
Two concepts for the OB are under consider-
ation: a truss structure covered with multilayer
insulation (MLI) for stray light closeout and a
GREP shell structure.

Alignment and alignment stability tolerances
between the mirrors and the detectors are given
in Table 2-2 along with telescope co-alignment
requirements. These tolerances are driven by
effective area and angular requirements based
on system error budgets as shown in Tables 1-2
and 1-3. These tolerances limit misalignment
effects on image resolution to under 1 arcsec
(HPD) and effects on throughput to under 1%.
Alignment to these tolerances is straightfor-
ward and well understood. The alignment pro-
cess will be similar to the successful process
that was used to align the Chandra telescope
(not the Chandra mirror).

In Table 2-2, the terms X, Y, and Z refer to
displacements between the respective detector
center and the mirror focus, in mirror coordi-
nates, and to rotations of the detector axes rela-
tive to optical axes. X refers to focus errors
(see Foldout 2). The tolerances were derived
based on imaging error budget terms. Y and Z
are lateral offsets of the detector center from
focus position. The lateral stability tolerances

Table 2-2: Alignment and Co-alignment Requirements

Alignment OX (mm) | dY (mm) | &8Z (mm) | 36X *arg:min) o0Y (arcmin) | &6Z (arcmin)
Precision = Stability focus lateral lateral rotation tip tilt
RFC to SXT FMA 1.0£0.2 2.0£0.1 2.0£0.2 4.0£0.5 4.0£0.50 4.0£0.5
XMS to SXT FMA 1.0£0.2 0.7+0.1 0.7+0.1 4.0+0.5 4.0+0.50 4.0+0.5
HXT mirror to HXT detector|{10.0£0.2  [0.7+0.2 0.7£0.2 4.0£0.5 4.0£0.50 4.0£0.5
HXT/SXT co-alignment N/A N/A N/A N/A >0.25 >0.25
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were set to limit the image degradation contri-
bution of SXT to detector instability during an
observation, per the error budget. HXT toler-
ances were set in a manner similar to the SXT,
with different sensitivities, particularly the
effect on image resolution of focus errors. Per-
formance is relatively insensitive to rotations
of the detectors. The co-alignment tolerances
are defined in terms of boresight-to-boresight
rotational alignment. The primary pointing
direction will be along the SXT boresight,
since the XMS has the smallest detector FOV.
Alignment of each HXT boresight to within
0.25 arcmin of the SXT boresight, coupled
with the stated HXT lateral tolerances, pro-
vides for HXT operation no more than 0.5 arc-
min off-axis. This enables HXT image
resolution and throughput allocations to be
met.

TM Mechanisms: The XMS and the RFC
detectors each have on-orbit focus mechanisms
to ensure operations at best focus. The TM also
includes a combination sunshade/contamina-
tion cover in front of the SXT and a contamina-
tion cover attached to the aft end of the SXT.

The SXT forward and aft contamination cov-
ers are open-once-only mechanisms driven by
springs and controlled by pin-pullers. The for-
ward contamination cover acts as a sunshade
when open. These covers protect the SXT from
contamination during assembly, integration,
test, and launch (the HXT has windows with
vents). All of the mechanisms have Chandra
heritage and have proven to be highly reliable.

Interfaces: The s/c envelops the OM. Three
hard points on the s/c carry a mechanical inter-
face with the TM structure. Instrument electri-
cal interfaces include a multiplexed data bus,
dedicated high-speed digital links, and an
unregulated DC power bus. All instrument data
are digitized within the instrument electronics,
allowing the s/c-to-TM interface to be com-
pletely digital.

TM Thermal Control: Overall, the TM must be
controlled so that the TM structure, instru-
ments, and optics maintain required opera-
tional temperatures and alignment stability.
The observatory is configured so that the
detectors, which generally require a cool envi-
ronment, are located at one end of the TM with
a view to deep space, and the optics, requiring
a room temperature environment, are envel-
oped within the s/c. The passive foundation of
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the control system uses MLI wraps and sun-
shades to minimize radiation loading and bal-
ances losses to cold-bias certain TM elements.
Control is attained by active local heating and
cooling.

OM Thermal Control—The SXT mirror
must maintain absolute temperature and gradi-
ents close to the conditions under which the
mirror was assembled. These requirements are
mainly driven by the overall angular resolution
requirement and the CTE of the materials in
the mirror assembly. The thermal tolerances
for the SXT are defined in Table 1-4. The ther-
mal design will be optimized during the itera-
tive optical-mechanical-thermal design
process, accounting for all features including
glass and housing.

Pre- and post-collimators as successfully
used on Einstein, ROSAT, and Chandra, con-
trol heat flow through the main mirror. A colli-
mator works by reducing view factor and thus
radiation losses. It also provides a surface for
thermal coatings that further reduces losses,
and it provides an assembly for mounting heat-
ers and blankets to control gradients in reflec-
tors.

The RGA, mounted between the SXT mirror
and the post-collimator, requires 1° C absolute
temperature gradient control, as achieved in
XMM-Newton with a similar design.

The HXT mirror assembly uses aluminized
membranes covering the front and rear optical
apertures. Actual thermal control is provided
by heaters on the HXT structure. MLI and
insulation mounts are also used to isolate the
HXT from its environment.

FPM Thermal Control—FPM thermal con-
trol is achieved by MLI wrap of the electronics
bay and instrument platform, a sunshade to
block direct solar loading on the instruments,
and available cold views of space. Some active
heater control of structural elements will be
used to maintain alignment stability during
observations. The exterior anti-Sun surface of
the bay is reserved for electronics, cryocooler
and detector radiators. Apertures in the instru-
ment platform will be minimal and designed to
lessen thermal load on the instruments from the
electronics bay.

XMS temperature is controlled within the
XMS cryostat. However, the instrument relies
on TM thermal control for its external conduc-
tive and radiation environment. FPM thermal
control designs must include provisions for
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safe-hold conditions so that the electronics and
cryocooler do not get too cold.

OB Thermal Control—The OB is wrapped in
an MLI blanket. Active thermal control is pro-
vided by heaters on the OB. The interior is
mostly open to accommodate the converging
telescope beams, but it also facilitates a stable
interior thermal environment. Adequate margin
will be designed into the cold-bias to maintain
control following degradation of the MLI and
any radiating surfaces.

Visible Stray Light Control: Stray light over the
band 300-1100 nm will be limited at the
entrance aperture of the RGS CCD detector to
less than 2 x 10” photons/cm*/second. This
will be achieved by careful closeout of the TM
and will be tested during telescope integration
by a “solar lamp test.” Ascent venting of the
mirror and telescope cavities will be provided
for by incorporation of baffled vents. Vent
paths must strictly limit the pressure differen-
tial during launch, but must be baffled to limit
stray light.

Cosmic X-Ray Background Baffles: The cosmic
X-ray background (non-imaged) on the XMS
should be limited to 0.01 counts/sec over the
SXT PSF. Protection from cosmic X-ray back-
ground is provided for each of the telescopes
by a set of X-ray baffles that block the view
from each detector to sky that is outside the
FOV. The planar baffles are fabricated from
GREP for strength and rigidity with a thin
layer of tantalum applied to the detector side of
the bulkhead to block X-rays and eliminate flo-
rescence from the GREP.

Calibration Sources: Calibration sources, in
addition to those mounted within the detectors,
are carried within the OB. They include pas-

. . . 55 .
sive radioactive sources (Fe””, etc.) and (possi-
bly) an active electron impact source. The
sources will have an actively driven, fail-safe
cover to allow them to be used as needed and
not compromise the X-ray data.

Radiation Protection: An on-board radiation
detector will be carried and used to autono-
mously safe the instruments in high radiation
environments. A modified version of the
AmpTEK™ Compact Environmental Anomaly
Sensor (CEASE) has been baselined. This sen-
sor is currently used in several Department of
Defense programs to provide inputs to the radi-
ation safing system.
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2.4.1.2 Spacecraft Bus

All Constellation-X subsystems use mature
technologies, proven designs, and proven s/c
components that are easily obtainable from
several vendors. Baselined components were
used successfully on previous s/c including
MAP and EO-1 and will be adapted for use on
Constellation-X, resulting in a design that is
essentially “off-the-shelf.” The subsystems
described in the following paragraphs reflect
the in-house s/c design adopted for the Refer-
ence Mission, including the Atlas V, and trace
back to the performance requirements seen in
Table 2-1. The values provided in this section
represent expected subsystem mass and power
based on experience and heritage hardware.

Spacecraft Mechanical Subsystem: The requir-
ement for the s/c structure is that it be able to
interface with the launch vehicle and TM and
accommodate the s/c subsystems. The primary
s/c structure is a large cylindrical shell that sur-
rounds the SXT, plus additional structures that
envelop the optics. S/c equipment is mounted to
this structure. The s/c needs no major structural
deployment mechanisms. A central monocoque
cylinder with radial stiffener provides the struc-
tural load path between the modules and the
launch vehicle interface.

Separation of the s/c from the launch vehicle
occurs by means of a non-pyrotechnic, low
shock, lightweight, one-fault-tolerant system.
The mechanical interface from the s/c to the
launch vehicle consists of two half circles that
join to the bottom platform of each s/c. These
remain attached to each s/c upon separation
while the lower common truss adapter ring
remains attached to the launch vehicle.

Thermal Subsystem: The Thermal Subsystem
easily meets the requirements, as highly stable
conditions exist in the L2 environment. This
orbit allows the use of inexpensive and reliable
passive thermal control technologies as used
on many other NASA s/c. The s/c exterior is
covered with MLI blankets, and thermal radia-
tor panels maintain s/c components within a
safe temperature range. Thermostatically con-
trolled heater circuits are also provided for
components of the hydrazine propulsion sys-
tem, batteries, etc. A low-conductivity mount-
ing system joins the TM and the s/c and limits
heat exchange between them.

Attitude and Orbit Control Subsystem (AOCS): The
primary requirement of the AOCS is to point



Constellation-X

Table 2-3: Observatory Attitude Performance
Specifications

Description | Parameter | Specification Note
Pointing Roll = 20 degrees |Max
Range Pitch + 20 degrees [Max

Yaw + 180 degrees
Star Tracker  |Roll 60 arcsec
ﬁﬁg&?ﬁ ige Pitch 3 arcsec
3o Accuracy Yaw 3 arcsec
Telescope Pitch 9 arcsec Ground-
Bgltgm?nation Yaw S arcsec B?gcegsps%%t
(Aspect)
3o Accuracy
Pointing Roll 60 arcsec
ggn/H:c():luracy Pitch 30 arcsec
Yaw 30 arcsec
Pointing Pitch 0.6 arcsec/sec [Max
Stability Yaw 0.6 arcsec/sec [Max
Pointing Roll 5 arcsec Max
Jitter Pitch 2 arcsec Max
Yaw 2 arcsec Max

and stabilize the SXT boresight to the intended
X-ray source and maneuver efficiently between
targets (see Table 2-3). In addition, the AOCS
nulls tipoff rates and performs all other maneu-
vers after separation from the launch vehicle,
including momentum management and orbit
adjustments. Constellation-X does not scan
except for rastering during boresighting.

The AOCS uses proven component designs:
digital controllers hosted on the on-board com-
puter (OBC); an analog safehold controller
contained within the attitude control electron-
ics (ACE); eight coarse Sun sensors placed to
provide coverage and redundancy at all atti-
tudes and to process attitude information dur-
ing initial acquisition, maneuvers, and safe
modes; a star tracker for mission attitude sens-
ing and which enables the observatory to have
sufficient accuracy, knowledge, and stability
for its attitude; an inertial reference unit (IRU)
that computes the angular rates of the observa-
tory to provide dynamic attitude information to
the Command and Data Handling (C&DH)
computer; four reaction wheels (RWs); a pro-
pulsion subsystem; and associated interface
electronics. The sensors interface with the
ACE, which also interfaces with the C&DH
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computer. This computer processes AOCS sen-
sor data and commands the RWs or thrusters to
control the attitude of the satellite. Each Con-
stellation-X observatory will nominally be held
in a 3-axis stabilized, inertial attitude using a
star tracker as the primary reference and a
3-axis rate integrating gyro package for deter-
mination of attitude rates. It will be able to
report its orientation (referenced to the star
tracker) to within 3 arcsec, 30. (See Foldout 2
for a diagram of the AOCS.)

In this system, gyro bias and drift-induced
errors are removed by frequent updates from
the star tracker. Requirements on the gyro
package are therefore derived requirements,
based on top-level attitude requirements, and
will be determined during the design phase.
Gyro “jitter,” or high frequency-angle noise,
will also affect attitude stability and accuracy;
specifications will be derived in the design
phase. There are several standard, space-quali-
fied gyro packages available that can meet
project requirements.

No mechanisms will be operated nor anten-
nas moved during science observations, so no
science data will be compromised. The solar
arrays are fixed.

Periodic on-orbit instrument calibrations for
several different items including telescope
boresights, best focus, effective area, resolu-
tion, and contamination are planned. All of
these calibrations will use standard science
observations and will place no added require-
ments on the AOCS. The system is sized to
accomplish maneuvers between targets in less
than one hour.

All data will be telemetered to the ground for
further processing. Ground-based processing,
using forward and backward Kalman smooth-
ing plus calibration, will produce more accu-
rate attitude estimates for the aspect solution.

Command and Data Handling Subsystem : The
C&DH Subsystem is configured to manage the
command and data requirements from the
instruments and s/c as indicated in Table 2-4. It
processes the commands received from the
ground and data from the observatory sub-
systems and the instruments. It also manages
the timekeeping functions. The C&DH sub-
system can be seen in Foldout 2.

Communications Subsystem: Communica-
tions Subsystem requirements are to support
telemetry, commanding, ranging, and science
data transmission to the ground stations. Each
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Table 2-4: C&DH Subsystem Requirements

Description Requirement

Mission level science data ingest rate

¢ Average mission science data rate 192 kbps

 Mission bright source data rate 2.56 Mbps

Observatory data ingest rate (per observatory) Daily Average (kbps) Peak (kbps)

e Science 48 640

e Instrument housekeeping 4 4

* Spacecraft housekeeping 4 4
Total 56 648

Observatory X-band downlink rate 1.7 Mbps

Observatory S-band downlink data rate 2 kbps

Observatory S-band uplink data rate

2 kbps and 150 bps

Spacecraft time distribution accuracy

+ 10 microseconds

Spacecraft time synchronized to UTC accuracy

+ 10 microseconds

Time resolution

+ 10 microseconds with + 1 microsecond goal

Observatory data storage

42 Gbits minimum based on contact time of 300 minutes every 4 days

observatory carries its own communications
subsystem consisting of a primary S-band
coherent uplink/downlink for command-
ing/ranging and a low-rate downlink for house-
keeping telemetry. An 8250-MHz X-band
downlink transmits science and s/c engineering
data.

S-band uplink frequency is 2096 MHz. The
2-kbps uplink commands are phase-modulated
on a 16-kHz subcarrier. The S-band downlink
is a 2-kbps phase-modulated signal at
2250 MHz. The S-band antenna system con-
sists of two omnidirectional antennas, each
providing a hemispherical gain pattern. An
S-band hybrid combines the antenna signals.
The S-band transponder provides transceiver
functions and coherent turnaround ranging.
The transponder transmitter output of 5 W is
increased to 26 W by an external power ampli-
fier (PA). The output of the PA is passed
through a band reject filter and diplexer combi-
nation to protect the transponder receiver input
circuitry. The X-band equipment consists of a
5-W X-band BiPhase Shift Keying (BPSK)
transmitter followed by a 1.2-m 37-dB high
gain gimbaled antenna system.

Link analysis has been performed by the
GSFC Communications Link Analysis and
Simulation System (CLASS). The worst-case
link margins are: S-band uplink 6.3 dB, S-band
downlink 3.8 dB, and X-band downlink
39dB.

Electrical and Power Subsystem (EPS): The EPS
supports the orbital average load through all
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mission phases, as stated in Table 2-7. The
EPS provides conversion, generation, storage,
control, and distribution of unregulated power
for the operation of all s/c subsystems and
components. It performs power balance,
battery charge control, power distribution,
power safing, and ground power interfacing
functions.

The subsystem consists of a solar array,
battery, and power supply electronics (PSE).
The solar array is a 6.2-m square, 28% effi-
cient, body-mounted panel that provides
1525 W beginning of life (BOL) and 1442 W
end of life (EOL) power to support the required
load plus losses. One 40AH eight-cell battery
provides energy storage. The orbit is a full Sun
orbit with no eclipses. Battery power will be
required from the launch phase until Sun
acquisition occurs. It will also be used during
peak load periods at a limited duty cycle and
during safing events. The PSE is a direct
energy transfer (DET) system that converts
solar energy to electrical energy and provides it
directly to all s/c loads at an unregulated volt-
age from 22-32 V. The EPS is simplified by the
operational constraint that observing will only
be within 28 degrees of the plane that is per-
pendicular to the Sun-Earth line.

The EPS design incorporates functional
redundancy. The solar array is composed of
multiple strings, and the system can tolerate the
loss of several strings without affecting mis-
sion science. The PSE uses a staged power
control configuration that can tolerate the loss
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of a single stage. Battery-charging circuitry
enables safe charging. Software allows the EPS
to be re-configurable to compensate for system
degradations. The battery consists of at least
eight cells and incorporates bypass switches
that allow it to bypass a bad cell without affect-
ing mission performance. Multiple switched
and unswitched output services are provided
with cross strapping of critical functions.

The electrical subsystem will provide ade-
quate grounding and shielding to prevent noise
from affecting the operation of each subsystem
and instrument. To accomplish this, classical
methods of equipment bonding, ground isola-
tion, and a single point ground design will be
coupled with minimum path signal ground
returns to minimize induction, noise, and
ground bounce.

Propulsion Subsystem: The Propulsion Sub-
system is required to provide launch vehicle
tip-off management, lunar phasing and
swingby, orbit insertion and corrections at L2,
and momentum unloading. The consumables
requirement for a six-year mission amounts to
a 177 m/s AV. The subsystem is a blowdown
monopropellant hydrazine system. A total of
180 kg of propellant is loaded to provide the
177 m/s AV. The BOL pressure is 2757.6 kPa
(400 psi) and the EOL pressure is 689.4 kPa
(100 psi). Each set of four redundant thrusters
can perform all the functions required by the
propulsion subsystem. Preliminary assessment
indicates no plume impingement concerns;
however, further analysis is planned. The com-
ponents are listed in Table 2-5.

Flight Software (FSW): Functional require-
ments of Constellation-X flight software include
FSW Executive services (e.g., central process-

Table 2-5: Propulsion Components Specifications

Propulsion :

(:on?ponent Size Qty
Hydrazine tank 55 ¢m 0D sphere 3
22.24 N thruster 7¢cm 0D, 18 ¢cm length 8
Miniature fill and drain |7 cm length, 1.4 cm 0D 6
valve max.

Filter 8.4 cmlength,1.5cmOD | 1
max.

Pressure transducer |6 ¢cm length, 5 cm 0D 3

Isolation valve 5cmx7cmx8cm 3

Miscellaneous 0.635 ¢cm OD tubing, etc.  [N/A

hardware

ing unit (CPU) modes, commands, telemetry,
time management, external hardware bus man-
agement); C&DH applications such as stored
command handling, telemetry event detection,
and response; radiation effects detection and
handling; onboard data storage and playback
from the on-board data memory; ground com-
munications and antenna gimbal management;
active power management and battery control
(very similar to the power control accomplished
on the MAP mission); L2 orbit acquisition and
maintenance (reference data modeling and
thruster controls); sensor data processing; actua-
tion command generation and output; maneu-
vers and science target inertial fine pointing
(attitude determination and control); momentum
management; safing control modes; s/c to sci-
ence instrument interface and instrument-unique
support; and autonomous anomaly/failure detec-
tion and responses.

FSW for each observatory will be identical
except for s/c ID, calibration factors, flight
hardware-unique parameters, and unique
parameters required for ground interface. FSW
will be exhaustively tested on the highest fidel-
ity FSW test bed. Changes in FSW will be
exercised via only a regression test set. FSW
staff will support each observatory’s 1&T
activities as well as launch preparations and
transition to normal operations. Constella-
tion-X FSW will benefit from the knowledge
gained from the MAP mission with Lissajous
orbit at L2.

2.4.1.3 Resources

Tables 2-6 and 2-7 indicate estimated mass
and power resources for the instruments and
the s/c subsystems. The estimated resources do
not include any contingency. However, the
sum of contingency and margin for the entire
observatory is sufficient for implementation.
During mission formulation, the instruments
and subsystems will be allocated contingency
out of the margin, depending on the maturity of
design, production, and testing.

Mass Budget: The total mass estimate for

each observatory and launch vehicle is shown
in Table 2-6.

Power Budget: The power estimate for each
observatory is shown in Table 2-7.

2.4.2 Ground Segment Architecture
The Constellation-X ground data system con-
sists of four principal data proc